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Preface

This manual presents a computerized filter design procedure that provides
both the experienced and inexperienced filter designer with a comprehensive
filter design capability. The design procedure covers selection, analysis, and
synthesis of electric-wave filters for telemetry applications. The manual
was developed and prepared by the Space Support Division of Sperry Rand
Corp., Huntsville, Ala., under NASA contract number NAS8-20055 for the
Instrumentation and Communication Division of the Astrionics Laboratory at
George C. Marshall Space Flight Center, Huntsville, Ala.
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List of Computer Programs

All the main-line computer programs util-
ized in this document are listed below along
with the section number in which they are
described.

Computer programs Section
ML1A-Frequency Analysis._.___._____________ 4.3
ML1B-Transient Analysis_ .. ______________. 4.4
ML2A-Darlington Synthesis (even order)__.___ 5.5
ML2B-Darlington Synthesis (odd order).____._ 5.5
ML3-Cauer Synthesis_ .. .. ___._______ 5.6
MUL4-Transformation Caleulations____________ 3.4
ML5-Chart Plotter. ... ______________ 3.5
ML6~Active Filter Design_ __________________ 6.2
ML7-Active Filter Synthesis. .. _____________ 6.3
ML8-Temperature Dependent Responses______ 6. 4

A brief description of the purpose of each
of these computer programs is given below:

ML1A — Frequency  Analysis — Program
ML1A calculates the frequency response curves
of the filter’s voltage transfer ratio. The
response curves can be calculated over any
desired frequency range and include the filter’s
amplitude response, phase response, group
delay response, and time delay response.
These responses are the curves most commonly
used for describing a filter.

ML1B — Transient ~ Analysis — Program
ML1B calculates the output time response of
a filter excited by a unit step sinusoidal signal.
A typical use for the program would be to
determine the time required for the transient
effect on the filter to disappear.

ML2 — Darlington Synthesis — Darlington
synthesis allows the realization of a filter with
a doubly terminated ladder network. That is,
the program calculates the values of the circuit
components required to build the specified
filter.

ML3 — Cauer Synthesis — Program ML3

is similar to ML2 in that it calculates the actual
circuit components required to realize the
filter. The difference is that Cauer synthesis
realizes the filter for a singly terminated ladder
network.

ML4 — Transformation Calculation — Pro-
gram M4 calculates data which assist in the
use of the filter selection charts. The program
transforms filter specifications from require-
ments on a given filter to requirements on its
lowpass equivalent.

ML5 — Chart Plotter — Program MLS5 plots
the filter selection charts for given attenuation
levels. A set of these charts is included in the
filter design manual. However, for some appli-
cation where the given charts are not extensive
enough, program MLS5 can be used to produce
additional charts.

ML6 — Active Filter Design — Program
ML6 supplies a set of acceptable amplifier
parameters and caleulates all the component
values required to build the filter with active
networks. The program also calculates the
frequency response curves of networks.

ML7 — Active Filter Synthesis — Program
ML7 allows the designer to specify the amplifier
parameters and then calculates the remaining
component values required to build the filter
with active networks. The filter response
curves are also calculated. Both programs ML6
and ML7 supply limiting values for the ampli-
fier parameters which assists in selection of the
amplifier used with the active networks.

MLS8 — Temperature Dependent Filter Re-
sponse — Program MLS8 calculates the active
network response curves of amplitude, phase,
group delay, and time delay for any temperature
value specified by the operator.



SECTION 1

Introduction

There is a need in communications and telem-
etry for a simplified, accurate method of filter
design and synthesis. To satisfy this need, a
computerized procedure has been developed
by the Space Support Division of Sperry Rand
under the sponsorship of the National Aero-
nautics and Space Administration. A main ob-
jective of the design procedure was to provide
engineers having a minimum of filter design
experience with a comprehensive filter design
capability.

The computerized filter design technique
presented here offers advantages and capabil-
ities beyond those of conventional computer-
aided design programs. The design procedure
provides a designer totally inexperienced in
filter design with the capability of accurate
filter design or of analyzing an existing design.
The program also offers the experienced de-
signer the normal computer-aided design ad-
vantages of performing laborious and ecomplex
calculations.

The filter design procedure consists of se-
lection, analysis, and synthesis. Computer
programs have been developed to assist the
designer in each of these areas. The filter
functions considered are the Butterworth and
Chebyshev in lowpass, highpass, bandpass,
and bandstop configurations. Most filters for
telemetry applications are restricted to one of
these filter types because of phase requirements.

The filter selection procedure includes the
“use of charts that assist in the rapid selection of
a filter configuration. The charts specify the
type, order, and ripple factor of lowpass filters
meeting the specified amplitude and group
delay requirements. Computer-supplied format
transformations allow the designer to specify

the filter performance requirements in terms of
lowpass parameters; by utilizing the charts, he
can select the optimum filter for his application.

The synthesis programs calculate the com-
ponent circuit values required for the specified
filter. Synthesis procedures are provided for
realizing the filter in either passive or active
form. The synthesis programs include the
ability to design with dissipative components.
The designer need only specify the @ factors of
the circuit elements he plans to use, and the
program will predistort automatically the pole-
zero plot of the filter such that synthesis with
the dissipative elements will yield the proper

response.

The passive synthesis programs use Cauer
realization techniques for singly loaded net-
works and Darlington realization techniques
for doubly loaded networks. Other programs
are provided to assist the designer in tuning the
filter.

Active synthesis is accomplished through the
use of active quadratic networks that are con-
nected in cascade. Active synthesis design
techniques were developed for this design
procedure that are far more accurate than are
obtainable with conventional active designs.
Accurate mathematical models were derived
that more accurately describe the active filter
networks than the simplified ideal models that
are conventionally used.

The active design cannot be used accurately
for narrow bandwidth requirements or for a
frequency much beyond 500 kHz. These
limitations are expounded upon in the active
synthesis section. Within its usable limits,
the active design can be used conveniently.
The advantages of active designs over passive

1



2 COMPUTER-AIDED FILTER DESIGN MANUAL

designs include: elimination of inductive com-
ponents, ease of circuit assembly because of
elimination of complex tuning procedures, and
the ability to fabricate the filter in integrated
circuit form.

The analysis programs calculate filter re-
sponse characteristics including amplitude
response, phase response, time delay response,
and group delay response. The response curves
can be calculated for the theoretical filter
function and for the transfer function of the
networks used to approximate the filter func-
tion. For active designs, the response curves
can be obtained for any desired temperature
value.

The design procedure also includes the

ability to determine the transient response of
the filter to a sinusoidal step input.

The filter analysis and synthesis programs
are intended to relieve the filter designer of
the laborious task of numerical calculation
involved in obtaining response characteristics
and circuit parameters for the filter design.
Because the object of the design procedure is
to give engineers with a minimum of back-
ground in filter design a capability in this area,
the programs are written in such a way that a
minimum amount of information is required
to be read into the computer. All the com-
puter programs and subroutines are written in
FORTRAN 1V for the IBM 1130 computer
but can be adapted easily to any general-
purpose digital computer using FORTRAN
IV or FORTRAN V.



SECTION 2

General Filter Theory

This section contains a brief review of the
filter theory pertaining to the use of the filter
design programs presented in this document.
The purpose is to provide the reader with a
basic knowledge of the design concepts and
terminology used so as to enable him to better
understand and utilize the design programs. A
large portion of the design theory is presented
in the sections in which it is applicable. Only
the theory that is applicable to the majority
of the sections is presented here.

No attempt has been made to cover ade-
quately the theory and techniques of general
filter design. This material can be found easily
in numerous texts if desired but is not necessary
for use of the design procedures presented here.

2.1 DEFINITIONS OF FILTER TERMS

The terms commonly used throughout this
handbook and in general filter design are
defined as follows:

Passband—The frequency range in which the
filter is intended to pass signals; in the pass-
band, the attenuation is minimized

Stopband—The frequency range in which it
is intended to reject or attenuate all signals as
much as possible

Cutoff frequency—The frequency at which the
signal amplitude is attenuated 3 db from its
passband value

Quadratic or second-order function—Function
of the form S*4-2¢w,S+w,?, where S=ju, { is
the damping ratio, and w, is the natural fre-
quency; the normalized quadratic equation has
the form S$%4-2¢841, where S=j (w/w,). For
values of the damping ratio belgw 0.5, the
reciprocal of the function has a peak magnitude
near its natural frequency

Voltage transfer ratio—The function describ-
ing the ratio of the output voltage to the input
voltage of a filter network (also called the volt-
age transfer function); the function has the
general form E,./E,=(G@S*+DS+E)/(AS?+
BS+0)

Amplitude roll-off —The increase in attenua-
tion or the decrease in magnitude of the voltage
transfer ratio as the frequency moves through
the bandstop range away from the passband
range

Bandwidth—The width of the passband be-
tween the 3-db cutoff frequencies of a bandpass
filter; this term is also used in describing low-
pass filters where it is the frequency range be-
tween zero frequency and the cutoff frequency
or simply the cutoff frequency

Center frequency—The geometric mean fre-
quency between the 3-db cutoff frequencies of a
bandpass or bandstop filter; this equals the square
root of the product of the two cutoff frequencies

Lowpass filter—A filter that passes low fre-
quencies and rejects high frequencies

Highpass filter—A filter that passes high
frequencies and rejects low frequencies

Bandpass filter—A filter that passes a defined
band of frequencies and rejects both higher and
lower frequencies

Bandstop filter—A filter that rejects a defined
band of frequencies and passes both higher and
lower frequencies

@ factor—Term used to specify the degree of
dissipation associated with capacitive and in-
ductive components; mathematically it is
defined as the ratio of real-to-reactive imped-
ance for the capacitor (Q,=R/X.,=«RC) and

- the ratio of reactive-to-real impedance for the

inductor (Q,=X;/R=cw;/R). Also the ratio of
3
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the center frequency to the bandwidth for a
bandpass or bandstop filter.

Filter responses—The frequency responses of
the filter voltage transfer ratio that includes:
amplitude, phase, time delay, and group delay
response. The amplitude response concerns the
magnitude of the voltage transfer ratio, and
the phase response gives the phase angle. The
time delay is the delay that a sinusoidal signal
encounters in passing through the filter and is
defined as the phase angle divided by the nega-
tive of the signal frequency. The group delay
is the relative delay of the envelope components
of a modulated signal passing through the filter
and is defined as the negative of the derivative
of the phase angle with respect to the signal
frequency. The group delay is sometimes called
the envelope delay.

2.2 BUTTERWORTH AND CHEBYSHEVY FILTERS

The two main filter functions considered are
the Butterworth and Chebyshev filters, These
are the most frequently used filters for telem-
etry applications because of their balanced
amplitude-phase relationship. The Butterworth
and Chebyshev filters are approximations to
the so-called ideal “brick-wall” magnitude
response, which is defined as being constant
within the passband frequency range and zero
over the rest of the frequency range. The higher
the order of either filter, the more closely it
approximates the ideal response. The general
shape of the magnitude response for these two
filters is shown in figure 2-1.

The Butterworth filter is characterized by a
maximally flat response in the passband and
monotonically increasing attenuation in the
stopband. The form of the Butterworth transfer
function is

G jw)=;

e

The slope of the amplitude response in the
stopband approaches 6n db per octave, where
n is the order of the filter. The response is down
3 db at the cutoff frequency for all order filters.

The poles of the normalized lowpass Butter-
worth filter are uniformly spaced along a
semicircle in the complex frequency plane.
The pole locations for the normalized lowpass

lﬁx 2 (i(ﬂ"

(A}

‘G: 2 (iW)I

1
81z (e J1+reTnz{a)

n=5§

{B)

FicUurE 2-1.—Normalized lowpass magnitude response
curves for (A) Butterworth and (B) Chebyshev filters.

Butterworth are given by S=—o,+jw,, where

—cos (2K—1+n)r
2n

O

—sin @2K—1+4+n)w

@x 2n

K=1,2, ... 2n,

where n=order of the filter.

Rejecting the right half plane poles, the left
half plane poles form the filter response func-
tion.

The Chebyshev filter is characterized by an
equal magnitude ripple in the passband and
monotonically increasing attenuation in the
stopband. The number of the maxima and
minima ripple peaks in the passband is equal
to the order of the filter.

The form of the Chebyshev transfer function
is
1

I e

where ¢ is a real constant, <1, and Tn(w) is the
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n® order Chebyshev polynomial defined as
T'n(w)=cos (n cos™ Z), where Z is a real
variable Z<1. The distance between the
maxima and minima ripple in the passband is
1—1(1+6é)7% and is approximated for small ¢
by €2/2. As the ripple and order of the filter are
increased, the rate of attenuation in the stop-
band increases.

The Chebyshev filter has a sharper roll-off, or
squarer amplitude response, than the Butter-
worth of the same order but has less desirable
phase and group delay characteristics. The poles
of the Chebyshev filter are located on an ellipse
in the complex frequency plane. The pole loca-
tions for the normalized lowpass Chebyshev are
given by S=o,+jw,, where

@2K—1)x

cc=sinha sin
* 2n

@K—1)r

we=cos ha cos on

K=12 ... 2n,
where
a=1/nsinh™! 1/e
n=order of the filter.

The magnitude of the Chebyshev filter at the
cutoff frequency is defined by the passband
ripple value, which means that a filter with +1
db ripple will be 1 db down at the cutoff
frequency. The cutoff frequency is not equal to
the 3-db frequency unless the ripple is 3 db.
The Butterworth response is always 3 db down
at the cutoff frequency.

To make the design of these two filters more
compatible, the poles of the Chebyshev filter
are normalized to make the magnitude response
3 db down at the cutoff frequency for all values

of passband ripple. The poles are normalized by
dividing o, and o, by the factor x,, where x,=
cos h [(1/n)cos h~(1/e)].

For all design procedures used in this docu-
ment, the Chebyshev response is 3 db down at
its cutoff frequency.

After obtaining the normalized lowpass
response function from the pole plot, the func-
tion can be transformed into an unnormalized
lowpass, highpass, bandpass, or bandstop func-
tion. The transformation is accomplished by
replacing the S operator of the normalized low-
pass with one of the following operators:

S
o Lowpass,

We

S Highpass,
Wo S ﬂ
FW (;;-f— S) Bandpass,

B ( ! >Bandstop,

Wo S Wy

w8
@o

where

we =3-~db cutoff frequency,
wo =center frequency,
BW=Dbandwidth,

§ =complex operator.

The transformations preserve the nature of
the amplitude versus frequency characteristics
both in the passband and in the stopband. For
example, when a lowpass filter is transformed
into a bandpass filter, the attenuation band-
width ratios are unchanged. However, the trans-
formed highpass, bandpass, and bandstop
transient responses bear no obvious relationship
to that of the corresponding lowpass filter.






SECTION 3

Filter Selection Procedure

3.1 INTRODUCTION

This section provides charts and instructions
describing a filter selection procedure developed
for Chebyshev and Butterworth approximation-
type filters. The so-called ‘“brick-wall” ampli-
tude response characteristic can be approxi-
mated to any desired accuracy by using a
polynomial of sufficient order. This is the basis
of the approximation problem as related to
filter design. The rapid selection of the type and
order of filter required to meet a desired level
of approximation to the brick-wall response is
an advantage of this design procedure.

The filter data or parameters assumed to be
specified in a given application are as follows:

(1) Maximum passband ripple,

(2) Center frequency, bandwidth, or cutoff
frequencies,

(3) Attenuation levels at specified frequen-
cies,

(4) Maximum group delay allowable across
the passband.

3.2 INSTRUCTIONS

The following procedure can be used to select
the optimum Butterworth or Chebyshev filter
for a given filtering problem.

(1) The foregoing parameters should be
selected or specified for the filter to be designed.
It is not necessary to have all of the foregoing
parameters to define a filter. For example, a
filter may be defined without any group delay
specifications. This parameter may be carried
through the selection procedure, however, if it
has been specified.

(2) Program MI4 should be used to trans-
form the specified data to equivalent frequency

data as used in the charts (refer to section 3.4).
The output of program MI4 includes the
equivalent lowpass frequency for a given
frequency of interest. For example, if a band-
pass filter with a center frequency of 90 kHz
were being designed and it were of interest to
know the equivalent lowpass frequency for
120 kHz when the bandwidth is 40 kHz, the
program would calculate 1.313. The program
also would calculate a multiplication factor
that could be used to estimate the group delay
across the filter and the variation in group
delay across the passband of the filter.

(3) Filter selection may be achieved by
using the equivalent lowpass frequency and
maximum passhand ripple to define a group of
filters that will meet a set of specifications. If
several attenuation-frequency requirements are
specified, program MI4 should be run for each.
The filter charts are used to select a design that
appears in the ‘“region of acceptable configura-
tion” for each requirement.

When the maximum ripple and attenuation
at a definite frequency are specified, program
MI4 is used to find the equivalent lowpass
frequency. On the chart for the specific attenua-
tion of interest, a vertical line should be drawn
through the equivalent frequency value.
Through the maximum ripple a horizontal
line is drawn, intersecting the previous vertical
line. The rectangle formed by these two lines
and the chart axis is the region of acceptable
configuration for the given requirements. A
filter can be selected from this group. Usually
the lowest-order configuration that lies within
the rectangle is the optimum filter selection.
When this procedure for all specified frequency-

7



8 COMPUTER-AIDED FILTER DESIGN MANUAL

attenuation pairs is repeated, the filter selected
must be within the acceptable region for each
case.

(4) To find an approximation of the varia-
tion in group delay across a filter, the delay
charts are used in conjunction with the mul-
tiplication factor calculated in MI4. The
charts give the equivalent lowpass group
delays at equivalent frequencies of 1 and O.
The delay at bandedge is found by running
MI14 for the filter cutoff frequency and mul-
tiplying the calculated ‘“multiplication factor”
by the values of delay given by figure 7-27.
The delay at band center may be calculated
by running M14 for that frequency and multiply-
ing this calculated multiplication factor by the
value for the specific filter from figure 7-26.

Referencing the filter selection charts, a
complete set of filters can be shown to fall
within the region of acceptable configuration.
The final selection is left to the designer.
Usually, the optimum filter will be the one of
lowest order within the acceptable set because
lower-order filters require fewer sections and
are easier to tune.

3.3 EXAMPLE OF DELAY CALCULATIONS

Consider a bandpass filter with its center
frequency at 230 kHz and cutoff frequencies
at 190 kHz and 278 kHz. To find the group
delay at 230, 190, and 278 kHz, program ML4
is run for each of these frequency values, and
charts for delay at 0, 1, and 1 are used, respee-
tively. The equations are

The variation in delay across the lower pass-
band is then the difference in the first two
quantities calculated. The variation in delay
across the upper passband is the difference in
the first and last.

Figure 7-28 supplements the charts; it gives
the intersection of the family of curves with the
abscissa and corresponds to the Butterworth
filter.

Programs ML5A and ML5B provide addi-
tional filter selection charts. These programs
must be run on a computer with a plotter and
stored plotter subroutines.

3.4 TRANSFORMATION CALCULATION PRO-
GRAM ML4

Purpose

The purpose of MI4 is to transform filter
specifications from requirements for the given
filter to requirements for its lowpass prototype.
This allows the design charts to be used for se-
lecting the optimum filter for a given application.

This program allows two forms of input data.
They are frequency of interest-center frequency-
bandwidth and frequency of interest-upper
cutoff frequency-lower cutoff frequency. The
second form can be used only in the case of a
bandpass or bandstop filter. The output of this
program includes

(1) The equivalent frequency, the number
to be used in the filter selection charts.

(2) A multiplier factor used to estimate the
variation in group delay over the passband
(or stopband) of the filter.

Multiplication Value from
Delay (230 kHz)={ factor for 230 kHz }X| ‘“‘delay at 0”

chart

Multiplication Value from
Delay (190 kHz)={ factor for 190 kHz || “delay at 1”

and

chart

chart

Multiplication alue from
Delay (278 kHz)={ factor for 278 kHz |X{ “delay at 1”
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Operation

To use ML4, the input date should be
punched on three cards with the format given
in table 1.

TasLe L—ML4 Input Data Format

Card Parameter Column
No. 1 Frequency of interest (Hz) 1-10
No. 2 Data factor 1-10
No. 3 @ factor 1-10
No. 4 Configuration factor 1-10
Format 1 Center frequency (Hz) 11-20

Bandwidth (Hz) 21-30

or
No. 4 Configuration factor 1-10
Format 2 Upper cutoff frequency (IHz) 11-20
Lower cutoff frequency (Hz) 21-30

The data factor controls whether the first or
second format shown should be used for card 4.
All input data are floating-point numbers.

<0 Specify Format 1

Data f&ctor={ >0 Specify Format 2

The configuration factor is defined as follows:

1. Lowpass
2. Highpass
3. Bandpass
4. Bandstop

Configuration factor=

FEATURES PPORTED

The output of this program prints the type of
filter being considered, the equivalent lowpass
frequency of the frequency of interest, and a
multiplier factor used in conjunction with the
group delay charts to estimate variation in
grogp delay.

Description

Table II gives the transformation equations
used by ML4. M L4 calls no subroutines.

Tarre II.—ML/j Transformation Equations

Con- Frequency Multiplier
figura- transformation factor
ation
Lowpass Sle /e
Highpass wof/S wofS?
Bandpass wo/B(S/wo+ wo/S) wo/B(llwo——wo/SZ)

Bandstop B/lwd(S/wetwe/S)] — (L/eo—wo/S?)/

[wo/ B(S/wo+wo/S)?]

wp=Center frequency
B=Bandwidth

S=Frequency being transformed
N

Figure 3-1 gives an example of the output of
MI14. The data should be added to the program
as shown in figure 3-2.

3.5 CHART PLOTTER PROGRAM ML5A AND ML5B

Purpose

The purpose of ML5A and ML5B is to plot

ONE WORD INTEGERS
10Cs

CORE REQUIREMENTS FOR

COMMON 0 VARIABLES

32 PROGRAM

500

END OF COMPILATION

// XEQ

BAND PASS FILTERs CENTER FREQUENCY 0+100000E 02

BANDWIDTH 04500000E 01

EQUIVALENT FREQUENCY 04300000E 01

MULTIPLIER 0+157079€ 01

FREQUENCY OF INTEREST

00200000 02

Figure 3-1.—Example of output of ML4
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Blank Card

[~

Data

Program

FigURE 3-2.—Arrangement of main line program and
data

the design charts shown in section 7. In some
applications, the charts may not be extensive
enough to allow for convenient filter design.
In such cases, ML5A and ML5B can be used
to generate additional charts for particular
design problems. For example, if it were speci-
fied that the attenuation of a filter must be
greater than 90 db above a given frequency,
this program could then be used to generate
charts for that attenuation level. The two
programs are used as follows:

ML5A—High ripple levels (0.1 to 3 db)

ML5B—Low ripple levels (0 to 0.1 db)

The input data to this program include scale
information for the plotter and the value of the
attenuation for which the chart is being gen-
erated. The output is the design chart. This
program uses the plotter facility and cannot
be used unless a plotter is available. However,
the program could be modified easily to allow
the computer to print the data, and the charts
could be made by hand.

Operation
To use ML5A and ML5B, the input data

should be punched on one card with the format
given in table ITI.

TasLe III.—-ML5A and ML5B Input Date

Format
Card Parameter Column
No.1 Aftenuation level (db) 1-10

Mazimum equivalent frequency (Hz) 11-20

The maximum equivalent frequency can be
chosen for convenience. The input data are in
floating-point numbers,

Before loading the program, the plotter pin
should be placed in the lower right corner of the
chart. The design charts given were generated
using this program.

Description

This program plots contours of constant
attenuation relating the ripple and equivalent
frequency parameters of the lowpass prototype
filter. The amplitude response of the Chebyshev
filter is given as

1

@) T eT (Xow)

where e is the ripple factor, T, (X,w) is the n*®
order Chebyshev polynomial, and X, is the
normalization frequency; X, is chosen so that
the lowpass prototype filter has its cutoff (3-db
sttenuation) at w=1. Under this condition,

s=cos h [1 cos A? (l)]
n €

and the equation for the contour is

/
cos h {l cos b1 [‘Z<l2~1>l 2]}
o= n € \ €
cos h [l cos h! (1>]
n €




- SECTION 4

Analysis Programs

4.1 INTRODUCTION

There are two programs available in this
computer-aided design technique that may be
used to analyze filters. The first is a frequency
analysis program. It can be used to calculate
filter amplitude response, phase response, time
delay, and group delay. It can be used to analyze
Butterworth and Chebyshev filters in the
highpass, lowpass, bandpass, and bandstop
configurations.

The listed parameters are calculated and
printed at intervals and over frequency ranges
controlled by the input data. Specifically, the
maximum and minimum frequencies of interest
are required as input data to the program, along
with the magnitude of the frequency interval
between calculation points.

The second analysis program is the transient
analysis program. It calculates the response,
in the time domain, of a lowpass filter to a unit
step sinusoidal input. This program can be
used for lowpass Butterworth and Chebyshev
filters by specifying the order of the filter,
ripple in decibels, cutoff frequency (3-db point),
frequency of the sinusoidal input, maximum
and minimum times of interest, and magnitude
of the time interval between calculation
points.

42 ANALYSIS PROCEDURE
Frequency Analysis

The following information must be obtained
for a frequency analysis:

Filter order

Ripple factor

@ factor

1353-818 0—69-——2

Configuration factor

Center frequency

Bandwidth

Maximum frequency of interest

Minimum frequency of interest

Frequency step (between calculation points)

Note that for lowpass and highpass filters the
bandwidth parameter does not apply.

Transfer the foregoing date to cardsusing the
format given with the information of program
ML1A (see Section 4.3). Add the data cards to
program ML1A as shown in figure 3-2 and load
into the computer. The computer output in-
cludes a listing of frequency, amplitude, phase,
time delay, and group delay. An example of
this output is shown in figure 4-1.

Transient Analysis

The following information must be obtained
for a transient analysis:

Filter order

Cutoff frequency

Ripple factor

Frequency of input signal (unit step sinu-
soidal)

Maximum time of interest

Minimum time of interest

Time step (between calculation points)

Transfer the foregoing data to cards using
the format given with the explanation of pro-
gram ML1B (refer to section 4.4). Add the data
cards to program ML1B as shown in figure 3-2
and load into the computer. The computer
output includes a listing of time and filter out-
put. An example of this output is shown in
figure 4-2.

11
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1/ XEQ
N QDD
C = O Al o =" 0a HASE/W & 0400000E 00 DELAY = Q«3Z360E=03"

°
FC = 0,50000€ .03 AMP = 0,10000E 01

PHASE ==0492736E 01 PHASE/W ==0418547E 03 DELAY =» 0,32391E-03

FC » 0.10000F G4 AMP = 0o10000E 0T
FC = 0.15000€ 04 AMP » 0o10000E 01
C = Co 4 MP = 0.4
FC ® 00,25000€ 04 AMP = 0410000E 0]
FC = 0030000 04 ANMP # O

= Dok 3 MP = Qs

PHASE »=0018565E 02 PHASE/W =~0. 185656 03 "DECAY = Ue3Z485E<03"
PHASE »=0427892E 02 PHASE/W ==0018595E 03 DELAY = C»32643E~03
HA! ==0+37275 HASE/ W ==0» 2 s -

#266734E 02 PHASE/W #=0418693E 03 DELAY = 0a33175E-03

HASE #=0+56291E 027 PHASE/W -
FC ® 0+35000E 04 AMP ‘= 0499998E 00 PHASE ==0+65974E 02 PHASE/¥W =—
HASE ==075BI4E 027 PHASE/W

¢18763E703 TDECAY ® 0«33565E=03
18849E 03 DELAY = 0.34053E£-03
18953E 03 “UELAY = U<3B66ZE<QT

FC = 0045000 04. AMP = 0,99983E 00 PHASE »=085849E 02 SHASE/W ==0e019077E 03 DELAY = 0435418E~03
FC = 0+50000E 04 AMP = 0+99951E 00 PHASE ==0496125E 02 PHASE/W ==0419225E 03 OELAY = 0436359E-03
FC @ 0.550008 04 AMP = 0499873E 00 PHASE =-0.10670E 03 PHASE/W =-0419500k 03 DELAY = C.37532E-03
FC » 04600005 O& AMP = 0+99699E 00 PHASE ==0s11765E 0F PHASE/W ==0219609E 03~ DELAY = 0+38990E~03~
PHASE =~0412907E 03 PHASE/W s=0419857E 03 DELAY = 0s40782E-03

FC = 0.65000E 04 AMP = 0499333E 00

FC = 0470000E G4 AMP 0,98617E 0O

PHASE ==0e14105€ 03 PHASE/W ==0,20151E7 03 DELAY * 07429258-03
PHASE *~Cs15369E 03 PHASE/W *~020493E 03 DELAY = 0+45362E=<03

FC = 0+80000E 04 AMP 0+95028E 00

]

FC » 0e75000E 04 AMP = 0,97298E 00
=

FC = 00850006 04 AMP = 0,91406E 00

PHASE ==C.16705€ 03 PHASE/W ==0420882E U3 DELAY = U«47894E<03
PHASE ==0,18111E 03 PHASE/W =-04213C7E 03 DELAY = 0e50123E=03

Fiecure 4-1.—Example of output of ML1A

// XEQ

2 POLE FILTER

wo = 0,10000E 01 R = 0+000000E 00

W B Gs100000E 01

F1GUrE 4-2.—Example of output of ML1B

4.3 FREQUENCY ANALYSIS PROGRAM ML1A
Purpose

The purpose of the frequency analysis pro-
gram is to calculate important filter charac-
teristics as a function of frequency. These
characteristics include amplitude response, phase
response, time delay, and group delay. These
response characteristics are printed for fre-
quency values at discrete intervals over a
range of frequencies. The value of the frequency
step and range is controlled by the operator.

T 0.000000E 00 FTa  =0.230065E-06
= 00999999E~01 Fls ~04792084E=02 i i i
T SilneaaaETel  EIn z0elsz0maem02 The input data required by this program
Tx  00299999E 00 FTs __ =0,235308E=01 i i i
Is 0:3993;92 90 FIs _=0.2353086-01 include specification of the order of the filter,
in 06499999E 00 FTe  =0.388201E=01 i 1
o Qeanossec 90 II= co.38e2018701 ripple factor, @ factor, filter configuration, filter
T=  0.699999E 00 Fle  =0,537721€-01 i
o oliessed  rn- oose3mn2le-0l center frequency, bandwidth, frequency range,
Ts +899999E 00 FTs _ =0,683714E~01
RS T _0:1553395_01 and frequency step. The program can be used
- . Fte  =0,826022E-01 -
T Oltosese ol EIm ro.8ze02z6-0l for Butterworth and Chebyshev filters in low
T= 04129999€ 01 FTs  =04964487E~01 i
R Z0s964asTEm0L pass, hlghpass, bandpass, and bandstop
. 149999E 01 FT=__ =04109895E 00
T= " 0.159999€ 01 FTe 0. 1164656 00 configurations.
Ta 0.169999€ 01 FTa  =04122928E 00
Ta  0.179999€ 01 FTe  =0.129284E 00 ;
I 0:189999E 01 FT=  =0135531€ 00 Operation
s 0a199999E 0i FTe  -0,141668E 00 .
Te 0.209999E 01 Fle  =0.147691E 00 To use ML1A, the input data should be
T= 0:219999€ 01 FT= =0e153601E 00 . .
Te  04229999E 01 FTs  =0,159394E 00 punched on three cards with the format given
Te  0s239999E 01 FTe  =0.165069E 00 S
Te  0+249999E 01 FT= =0,170625€ 00 in table IV.
Y= 0.259999€ 01 FTa  =04176060E 00 . .
Te  00269999E 01 FTs _ -0.181373€ 00 The filter order is a fixed-point number; all
Ta  0.279999E 01 FTs  =0.186561E 00 . . .
Te  0.289999E 01  FT=  =0,191623E 00 other numbers are floating point. The ripple
te  0,299999€ 01 FT=  =0s196559E 00 f . . . .
1= 04309999E 01 FT=  =04201365€ 00 actor is specified in decibels. If the @ factor
Ts  0.319999€ oi FTe  =0.206062E 00 . .
T= 0+329999E 01 Fl= =06210587E 00 18 unknown, punch no number in columns
T T0.33999%9E 01 FTa  =0s214999E 00 :
- 04249999E 01  FT= 04219277 00 21-30 on the first data card. The configuration
s 04359998¢ 01 FTa  =04223419€ 00 : .
Te 04369998E 01 FTa  =04227425€ 00 factor is defined as follows:
7= 0.379998E 01 FTe  =04231293E 00
Ta_ 04389998E 01 FTs__ =04235021E 00
e 0+399998E 01 FTa  -0.238610F 00 1. Lowpass
Ta  0.409998E 01 FTa  =04242057E 00 :
TIn geasses 01 F1s -o:us;szs 00 Configuration factor— 2. Highpass
. «429998E 01 FTa  w0,268523E 00 =
" e 0.439998E 01 Fls  =0.251540E 00 3. Bandpass
Te_ 0.449998E 01 Fls __=04254412E 0

4. Bandstop

The computer will calculate the response
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Tasre IV.—MLIA Input Data Format

Card Parameter Column
No. 1 Filter order 4 and 5
Ripple factor 6-20

Q factor 21-30

No.2 Configuration factor 1-10
Center frequency (Hz) 11-20
Bandwidth (Hz) 21-30

No. 3 Maximum frequency (Hz) 1-10
Minimum frequency (Hz) 11-20
Frequency step (Hz) 21-30

between the maximum frequency and the
minimum frequency at intervals determined by
the frequency step. For example if

Maximum frequency= 15000,
Minimum frequency= 10000,
Frequency step=100,

the response characteristics are calculated and
printed at frequencies of 10000, 10100, 10200
, 14900, and 15000.

The output format for this program is very
straightforward. On each line of the output,
there are printed the response characteristics
for one frequency in the set of frequency points.
Also, on each line, the parameter printed is
defined. Each Tline, therefore, includes a listing
of frequency, amplitude response, phase re-
sponse, time delay, and group delay.

Description

From the filter specifications given, the

/7 XEQ

program calculates a transfer function of the
form

Sm+a, 871+ a, St Ay,
S 46,81 +b; 8" 2. . .+b,

F(S)=

To calculate the response characteristics, the
transformation is made S=jw, and the parame-
ters calculated are:

(1) Amplitude response, the absolute magni-
tude of F(jw), [|F(jw)|l;

(2) Phase response, the phase of F(jw), (4);

(3) Time delay, the ratio of phase-to-angular
frequency (6/w);

(4) Group delay, the negative derivative of
phase with respect to frequency (—df/dw).

The subroutines called by this program
include:

(1) CARIP—Calculate ripple constant.

(2) CAPOE—Calculate poles even for the
filter specified.

(8) CAPOO—Calculate poles odd for the
filter, specified.

(4) CARES—Set up polynomial ratio, sub-
stitute S=jw, and calculate response charac-
teristics.

Figure 4-3 gives an example of the output
of ML1A.

4.4 TRANSIENT ANALYSIS PROGRAM ML1B
Purpose
The purpose of the transient analysis program

is to calculate filter response, in the time do-
main, to a unit step sinusoidal input. This pro-

FC ® 0.90000€ 04 AMP = 0.B6I0BE 00 "PMASE =~0.19569€ 03 PHASE/W s=0.21743E 03 DELAY & (.51482E-03
FC = 0-950005 04 AMP e 0.79OBBE 00 PHASE I-0n21047E 03 PHASE/W =~0022155E 03 DELAY = 0451425E-03

GIFE 03  PHASE/W

FC L] 0-105005 05 AMP hd 0-616755 00 PHASE I-O-ZQBSZE 03 PHASE/W =~0e22745E 03 GELAY = o.aeso«g-oa

FC - O-llEOOE 05 AMP = O.bk!lQE 00 PHASE »=0426322E 03 PHASE/W =~0422889E 03 DELAY = O.BBhObE-OS

w=0s2T7364E 03 PHASEZW ~0.22803 3EE=03

FC bt 0-129005 05 Aﬂ’ . 0-311365 00 PHASE «=0428294E 03 PHASE/W ==0622635E 03 DELAY = O-BOSSZE-OZ

HASE a=0.29126E G3 PHASE/W ==0+22403E U3 DECAY ® CeZ74Z1E=UT

FC - 00135005 05 AMP - 0-217665 00 PHASE a=C4298569E 03 PHASE/W -00.221255 03 "DELAY = c.2h634E-03
= 8! H

7W =0, 0 3E=

. &
FC L] 0:165005 05 AMP = Qel15414E 00 PHASE 1’00311¢7E 03 PHASE/W --D-ZIAGOE 03 DELAY = 0-20192‘-03
ETY =

M
FC = o.xssooz 05 AMP - O.IIIOBE 00 PHASE --0.322055 03 PHASE/W ==

3 PHASE7W == .ZTrS!

Is32669F 03 PHASE/W u=l --O-ZUFTEE*U?’_U

FC LAY 165005 05 AMP L 0-81&95E-01 PHASE --0.330985 03 PHASE/W ®=0,20059E 03 DELAY ~ 0-14396&-03

OE 05  AMP = Bl

435 HASEZ
FC o 0-175005 05 AMP = O-&OEIAE-O! PHASE I-O 33863E 03 PHASE/W ==0.19351E 03 DELAY = O 126&7E-03

FC ® 0+18000E 05 AMP ® 0o52848E~01 PHASE ®~0s34209€ 03 PHASE/W o—
FC = 0¢18500E 05 AMP = 0,46097E~01 PHASE ==0+34532E 03 PHASE/W ==
FC & 0.19000E 05 AMP » 04¢40353E~01 PHASE ==0+34B834E 03 PHASE/W =

18666E 03 DELAY = 0-108955-03
<18334E 03 DELAY & (»10234E~03

FC = 0.19500E 05 AMP = 0o35444E~01 PHASE #=0,35119E 03 PHASE/W ==0,18009E 03 .DELAY % 0296348E~04

Prcure 4-3.—Example of output of ML1A
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gram is for lowpass filters with any cutoff
frequency. The data required include specifica-
tion of the order of the filter, the cutoff fre-
quency, the ripple factor (in db), the range of
time for which the response is to be calculated,
and the time interval.

The program can be used for a unit step
sinusoidal of any frequency, and this parameter
must also be provided in the input data. The
program is designed for Butterworth and
Chebyshev filters.

Operation

To use MILiB, the input data should be
punched on three cards with the format given
in table V.

TasLe V.——ML1B Input Data Format.

Card Parameter Column
No. 1 Filter order 4and 5
No. 2 Cutoff frequency (Hz) 1-10

Ripple factor (in db) 11-20

No.3 Sinusoidal input frequency (Hz) 1-10

Maximum time of interest (sec) 11-20
Minimum time of interest (sec) 21-30
Time step (sec) 31-40

The filter order is a fixed-point number; all
other numbers are floatinig point.

The computer will calculate the response
between the maximum time and minimum
time in intervals determined by the time step.
For example, if

Maximum time=20 msec,
Minimum time=10 msec,
Time step=0.1 msec,

the response characteristics are calculated and
printed at times of 10.0, 10.1, 10.2, . . .,
19.9, and 20.0 msec.

The output format for ML1B is very similar

to that for ML1A. In the transient analysis
program, a listing of the order of the filter, the
ripple factor, cutoff frequency of the filter, and
frequency of the sinusoidal unit step input
precedes the response data. The response data
include a listing of the time and filter output
voltage.

Description

From the filter specifications given, the
program calculates a transfer function of the
form
Sm+a18m_l+azsm—2+. . .+am

F(@S)= Smp, Sr14-p, S 2+, . .+-b,

The Laplace transform of the unit step
sinusoidal,

e(t) =u(t)sin(wt)
is given as

ES=g11 5
The response, given by

w(Sm+aSm14. . . +a,)

B =FO) B8 =5y (S 5,5+ b

is expanded in a partial fraction

1 | A,
BS®)=m—pyt—ryt

where P, is the i pole of the function R(S).
The constants are determined by calculating
the residue at each of the poles. Each of the
partial fractions are then transformed back to
the time domain and summed to give the
response function r(f).

The subroutines called by this program
include:

(1) CARIP—Calculate ripple constant

(2) ATRAN—Calculate the transfer func-
tion, expand in partial fractions, and take the
inverse Laplace transform to find the response
in the time domain.



SECTION 5

Passive Filter Synthesis

5.1 INTRODUCTION

Chebyshev and Butterworth filters may be
synthesized in a Cauer or Darlington con-
figuration as shown in figures 5-1 and 5-2. The
Darlington circuit is a doubly terminated ladder
network, and the Cauer circuit is a singly

terminated ladder network. One advantage of

the Cauer synthesis procedure is the ability to
compensate for dissipative effects in the filter
by predistortion. This is done automatically
by the computer; the designer merely provides
an estimate of the @ factor of the components
to be used in constructing the filter. The ability
to predistort is important because parasitic
dissipative effects help to deteriorate a filter
response. Parasitic dissipation results in de-
creasing ripple, decreasing roll-off rate, and
increasing flat loss.

In making the choice between a Cauer or
Darlington configuration, these characteristics
should be considered:

Darlington—High @ elements
doubly terminated network

Cauer—Lower @ can be used by utilizing the
predistortion ability of the program; singly
terminated network

required;

5.2 PROCEDURE

The following procedure can be used in
synthesizing a filter,
(1) Obtain the following information:
Filter order
Ripple factor
Q factor
Configuration factor
Center frequency
Bandwidth
Terminal impedance

(2) Decide which network configuration—
either the Darlington or the Cauer—is to be
used. Normally the Cauer synthesis should be
used. If Cauer synthesis is used, go to step 3.
If Darlington synthesis is used, go to step 4.

(3) Transfer the data mentioned in step 1 to
cards using the format given with the explana-
tion of program ML3 (refer to section 5.6).
Add the data cards to program ML3 shown in

Fin-2) Fu-g

1 Lt £ m o
LR ]
L .
F -3 m
o
e
{4}

Flu-2) F g

A —
$F(H<” E{]F(NA!] m n
e £
27

"

Fieure 5-1.—Cauer configurations (A) odd order and
(B) even order

FicurE 5-2.—Darlington configurations (A) odd order
and (B) even order

15
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figure 3-2 and load into the computer. The
computer output will include the circuit ele-
ments required to realize the filter in a Cauer
configuration. Also, information will be pro-
vided by the computer that will prove useful
in constructing the filter. An example of the
computer output for Cauer synthesis is shown
in figure 5-3.
The outputs are as follows:

Ripple—The same as read in.

Theoretical poles—For the lowpass proto-
type, for reference only.

Branch bandwidth—This parameter is printed
for bandpass and bandstop filters only, where
the ladder branches are resonant circuits; it is
the frequency between 3-db points for any
branch in the ladder.

Filter bandwidth—This is printed for band-
pass and bandstop filters only and is a listing
of the bandwidth specified in the input data.

Center frequency—The filter center frequency
listed in the input data; if the filter is a lowpass
or highpass type, this parameter corresponds
to the 3—db frequency.

Tap ratio—Provides information needed if it

/7 XEQ 1
#L.OCALML3 »CAPOOsPRDS0 1 XOPOL s CAPOE s PRDSE 9 XEPOL Y SYCAS

RIPPLE = 0.000000E 00

THEORETICAL POLES

=0e707106E 00 0sTOT107E 00

1
N_EVEN

BRANCH BANDWIDTH 00711100 03

FILTER BANDWIDTH _ 04110000E 05

CENTER FREQUENCY 0e142220E 05

I TAP 2 RATIO TAP 3 RATI0
1 04103595€ 01 0,100000E O1
cont, FCo OEFe 2 FCo DEFe 2
1 0.,821292E 04 0.901472€ 04
_..FLAT LOSS = 0+107320E 01

CAVER CTRCUTT ELEMENTS

1= 1 F= 0e¢8515)19E=07
= 2 = 04157836E~02
TERMINAL RESTSTANCE = 0¢100000E 03

N = 2 Qo= 204000003 E = 0+000000E 00

F1cure 5-3.—Ezxample of output of ML3

is desired to use tapped coils in a bandpass
filter; to use tapped coils and the information
generated by this program, refer to section 5.3.

Frequencies difference—Parameter needed in
tuning a tapped bandpass filter; this informa-
tion is used to adjust the tap point to com-
pensate for non-ideal coupling in the tapped
coil.

Flat loss—The loss, in db across the filter
caused by dissipative effects.

Cauer cireuit elements—The circuit elements
for Cauer realization are given in the output,
branch by branch; to reference the F(7) terms
shown to the ladder network, reference should
be made to figure 5-1 and seetion 5.3.

Terminal resistance—The value of the ter-
minal resistance, an input parameter, is listed
for reference.

Order and @ factor—Listed for reference.

(4) Transfer the data mentioned in step 1 to
cards, using the format given with the explana-
tion of programs ML2A and ML2B (refer to
section 5.5). If the order of the filter to be syn-
thesized is even, use program MIL2A; if the
order is odd, use program ML2B. Add the data
cards to the program as shown in figure 3-2 and
load into the computer. The computer output
will include the circuit elements required to
realize the filter in a Darlington configuration.
An example of the computer output for Darling-
ton synthesis is shown in figure 5-4. The
outputs are as follows:

Theoretical poles and theoretical zeroes—Of the
reflection coefficient function are listed for
reference

Predistorted poles and predistorted zeroes—
Should be the same as the theoretical values for
Darlington synthesis

Denominator polynomial Numerator poly-
nomial Denominator polynomial after ADPOL
Numerator polynomial after APPOC—These are
reference parameters used for checking subrou-
tines only and are listed here for reference

Z input resistance Darlington circuit elements—
The circuit elements for Darlington realization
are given in the output, branch by branch. To
reference the F(:) terms shown to the ladder
network, reference should be made to figure 5-2
and section 5.3.
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// XEQ 1
*LOCALMLZ s ANOD o ANEV sAF IN

N 0DD

THEORETICAL POLES
SPOL = =04100000€ 01

I = 1  APHA = =0,499999E 00 ' BETA =  0.866025E 00
_THEORETICAL ZEROES — —_
SOL = "0s000000E 00
I = 1  AMA = 0.000000E 00 BTA = 0s866025E=1b
PREDISTORTED POLES
__SPOL = (=0e999999E 00 _ ...
o 1 APHA = '<0,499998E 00 BETA = 04866025E O

_ _ PREDISTORTED ZEROES L
SOL = 0s100000E~-05
L= 1 AHA = 04100000E=05  BTA = 00866023E~1Y

DENOMINATOR POLYNOMIAL
AP( 1) = 04199999€ 01
APL 2) = 04199999E 01
_APL 3} = 0.999997€ 00

" NUMERATOR POLYNOMIAL

AZ( 1) 8 =04300000E~08
AZ( 20 = 04299999E-11
AZL 31 = =0.999999E-18

“DENOMINATOR POLYNOMIAL AFTER ADPOL

AD{ 1) = 04199999E 01 B
AD{ 2) =  00199999E 01
AD( 3) % 0.99999TE 00

NUMERATNR POLYNOMIAL AFTER AOPOL

ANC 1) = 0.199999E 01
ANG 2) = 04199999€ 01
CANC 3) = 04999997€E 00
TR T F= 0.111907E=02
1= 2 Fa= 00223816E=06
1= 3 F= 0+111907€~02
Is & F= 0:100000E 03 —
Ze 00100000 03

F{ 1) = Oo111907?7€E~02 =~~~
TTEUT2Y & 042238 160E-08

F{ 3) = Qe1119075E=02
FL 4) = 041000000 03
N e 3 Q = 10000000126464 £ = 04000000E 00

Fieure 5-4.—Example of gutput of ML2B

5.3 REALIZATION, IMPEDANCE,
SCALING, AND TAPPING
The outputs of the Darlington and Cauer
synthesis programs are a set of subscripted
variables F'(z). These variables refer to each
branch of the respective ladder networks shown
in figures 5-1 and 5-2. Figure 5-5 relates the
branch configurations for the series and parallel
branches to the filter configuration—lowpass,
highpass, bandpass, or bandstop. Figure 5-5
also relates the value F(3) to the branch con-
figuration. For example, in a lowpass filter, the
values of F(i) for the series are actual in-
ductances, and for the parallel branches the
F(i) values are actual capacitances.

Configuration Circuit Branch
L L ¥ Series
O AAAT—NVWN—O -
awpass —
o c
Highpass R Series
e Flid=¢
c L R
Series
Bandass | O Faaaa—VWV-0 Fli) =L

Series
Bandstop Fli)=t
Configuration Girguit Branch
c
l ] Parallel
Lowpass
R Fli)=¢C
R
Righy O A L. A S—NN—O Parallel
e Fl)=1
€
Bandpass o—t—— ——1—0 Parallel
L Fli)=¢C
TTAUAAAS T
4
L R Parailel
Bandstop | O R aaa— VWO Fli)=1

Ficure 5-5.-—Configurations of F(¢) for various filter
types

The following rules are to be followed in
determining the other circuit values in each
bianch.

(1) The resistances are chosen to give each
branch the @ value specified by the design
requirements. This resistance is usually chosen
during tuning.

(2) In the bandpass and bandstop design
configurations, the adjacent reactive element
is chosen to make the branch resonant at the
filter center frequency.

After the synthesis procedure is complete
and if the circuit values are found to be im-
practical physically (i.e., capacitances and
inductances too large or too small), it may be
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possible to achieve practical circuit component
values by scaling the terminal resistance up
or down. For example, scaling up resistance
scales up the inductances and scales down the
capacitances. The best procedure is to choose a
new terminal resistance and reload the program
with these new data. The component values
can now be checked to determine if they are
physically realizable.

Another capability of the computer, calculat-
ing tap points, can be used to achieve a more
practical realization of a given filter. Figure
5-6 gives an example of a filter and its realiza-
tion as a tapped-coil configuration. Figure 5-7
shows details of a branch featuring tapped coils.
This branch is part of a bandpass filter. If the
filter is realized in this manner, all branches
have the same circuit value as F(1) in the com-
puter output data. The advantage of using
tapped coils is that all circuit elements are the
same, i.e., same size capacitors, and same total
turns on each coil.

5.4 FILTER TUNING

Passive filters, in general, must be tuned to
achieve an acceptable response. The computer
program gives information that is useful in
performing the tuning. This section describes
information generated that can be used in
tuning a bandpass filter. .

The calculated parameter, branch bandwidth,
can be used to adjust the resistances to dchieve
the proper @ value for the branch. This is
paturally important to realize the proper
response.

If tapped coils are used, the following pro-
cedure can be used to compensate for imperfect
coupling in the coil. The frequency difference
parameter printed in the program output is the
theoretical difference between two peaks in the
frequency response at the tap point. To adjust
the tap point, one series branch and one parallel
branch are connected, driven through the series
branch, and the voltage at the tap point is
observed as a function of frequency. If the
frequency difference between the peak points is
different from that calculated by the computer,
the tap point is adjusted up or down (i.e., a

turn added or subtracted) until the theoretical

frequency difference is attained. See figure 5-7

3rd Order Low Pass

< l <
¢, R SBy
] L <

n

3rd Order Bandpass

8}

Fieure 5-6.—Realization of a filter in a tapped coil
configuration (A) nontapped and (B) tapped

o L GO OV, N
1
13 Q

T
Tap 2 Ratis =—
T2

Tap 3 Rati i
0o =
ap T,

Ficure 5-7.—Ezample of a bandpass series and
parallel branch with tapped coils

for an example of a series and parallel branch
coupled by tapped coils. Figure 5-6 shows a
bandpass filter and its realization as a tapped
structure.

5.5 DARLINGTON SYNTHESIS PROGRAMS
ML2A AND ML2B

Purpose

The purpose of ML2A and ML2B is to syn-
thesize a filter by the Darlington synthesis
method. The MIL2A program is used for even-
order filters, and the ML2B for odd-order cases.
The program covers Chebyshev and Butter-
worth filters, and each program can be used to

synthesize filters in the lowpass, highpass,
‘bandpass, and bandstop configurations. Dar-
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lington synthesis results in a doubly terminated
ladder network (see fig. 5~2). This Darlington
synthesis program is for filters that will use
circuit elements with low dissipation factors
(high Q).

The input data required for the program
include specification of the filter order, ripple
factor, @ factor, configuration factor, center
frequency, bandwidth, and terminal impedance.
The program output is the values of the circuit
elements to be used in the branches (F,, s, . . .,
F, as defined in fig. 5-2).

Operation

To use ML2A and M1L2B, the input data
should be punched on the cards in the format
given in table VI.

TasLe VI.—ML2A and ML2ZB Input Daia

Format

Card Parameter Column
No. 1 Filter order 4 and 5
Ripple factor (in db) 6-20

@ factor 21-30

No. 2 Configuration factor 1-10
Center frequency (Hz) 11-20
Bandwidth (Hz) 21-30
Terminal impedance (ohms) 31-40

The filter order is a fixed-point number; the
remaining input data are all in floating point.
The @ factor should be any number larger than
1 X 108 The configuration factor is defined as
follows:

1. Lowpass
2. Highpass
3. Bandpass
4. Bandstop

Configuration factor=

The terminal impedance, in ohms, can be any
arbitrary value and can be wvaried to obtain
reasonable values for the circuit parameters.
The output format includes printing the circuit
factors as a subscripted variable, i.e., F(1)=
F(2)=etc.
Description

Darlington synthesis is based on the cal-

culation of a network’s reflection coefficient and

commensurate determination of its driving
point impedance. A four-terminal network with
input impedance Z,(S) and resistive termina-
tions B and R, has the reflection coefficient

 Z(8)—R,
)=z Fr:

The relation existing between the reflection
coefficient and transfer function is

4_R1R2_ 1 ;
B1+R,)* P(S)

where P(S) is the transfer function. The basis of
Darlington synthesis is then

(1) Determine I'(S).

(2) Find the driving-point impedance.

(3) Compute the circuit components required
to realize this driving-point impedance by per-
forming a continued fractional expansion of the
polynomial ratio defining this parameter. The
subroutines called by these two programs are
CARIP,ANEV, ANOD, and AFIN.

5.6 CAUER SYNTHESIS PROGRAM ML3

Purpose

The purpose of ML3 is to synthesize a filter
by the Cauer synthesis procedure. Cauer
synthesis results in a singly terminated ladder
network (see fig. 5-1). This program covers
Chebyshev and Butterworth approximation-
type filters in the lowpass, highpass, bandpass,
and bandstop configurations.

The main advantage of the Cauer synthesis
program is its ability to predistort the filter’s
pole—zero—plot to compensate for dissipative
effects in the filter circuit elements. This pre-
distortion is automatic in the program; the
operator merely must supply the expected @
factor of the circuit elements to be used in
realizing the filter.

The input data required by this program
include specification of order of the filter, the
ripple factor, the element @ factor, the con-
figuration factor, center frequency, bandwidth,
and impedance of the termination in ohms. The
program output is the values of the circuit
elements to be used in the branches (F(1),
F@©), . . ., F(N) as defined in figure 5-1).

r(Sr(—8)=1
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Operation

To use ML3, the input data should be
punched on two cards with the format given in
table VII.

TasLe VII.—ML3 Input Date Format

Card Parameter Column
No. 1 Filter order 4and 5
Ripple factor (db) 6-20

Q factor 21-30

No.2 Configuration factor 1-10
Center frequency (Hz) 11-20
Bandwidth (Hz) 21-30
Terminal impedance (ohms) 31-40

The filter order is a fixed-point number; the
remaining input data are all floating point. The
configuration factor is defined as follows:

1. Lowpass
2. Highpass
3. Bandpass
4. Bandstop

The terminal impedance, in ohms, can be any
arbitrary value and can be varied to obtain
reasonable numbers for the circuit parameters.
The output format includes printing the circuit
factors as a subscripted variable, i.e., F(1)=,
F(2)=, etc.

Configuration factor=

Description

Cauer synthesis used here allows the realiza-
tion of a network transfer function as a resis-
tively terminated ladder network. The transfer
emittance of such a network is

é*_——Y =_Y12G’2
Vi PG+ Y

where @, is the admittance of the termination.
If @, is normalized to 1, this equation takes the
form

—Y
et £11
14 Y

The transfer function (voltage ratio) of the
network is given as

_Yl2

=g

and in the normalized case, it is seen that

If the transfer function is written in the form

PR )
" q(S) +¢:(S)
then
R () P(S)/q(S) _ =Y
PT84 8)  14¢:(8)/a(8) 14T
and

Yu=q2(8)/q:(S)

Weselect ¢; (S) as the polynomial composed of
the even parts of the polynomial in the denom-
inators of the transfer functions, and ¢(S) as
the odd parts. If the choice were not made in this
manner, the network would not be realizable as
a grounded structure.

The network components required for the
filter can be determined from a continued
fractional expansion of the polynomial ratio
defining Y5,(S). Program MIL3 calculates the
components required to realize a filter by:

(1) Calculating the filter transfer function,

(2) Isolating the output admittance Y by
assuming a normalized resistive termination,

(3) Calculating the circuit elements by per-
forming a continued fractional expansion of
this polynomial ratio. The subroutines called
by ML3 include CARIP, CAPOO, PRDSO,
CARES, XOPOL, CAPOE, PRDSE, XEPOL,
SYCAS, and FITUM.

One important capability of this program is
predistortion. The @ value of the -circuit
components to be used in the filter is read in,
and the pole positions of the filter transfer
function are distorted so that the effect of
dissipation on the shape of the response curve
is compensafed. The complex operators trans-
formation for predistortion is given as

S*—S+

where S* is the dissipative complex operator.



SECTION 6

Active Filter Synthesis

6.1 ACTIVE FILTER DESIGN THEORY

Introduction

For many filter applications, either an active
or passive filter can satisfy the design specifica-
tions. However, the active filter is rarely used
although it offers several advantages over pas-
sive filters. One reason for this is that passive
design techniques are well developed and docu-
mented and have therefore become the conven-
tional design method. A second and more im-
portant reason is that telemetry systems require
accurate filters for a range of frequencies ex-
tending into megacycles, and most active design
techniques that have been developed are valid
for only extremely low frequencies, typically
below 1 kHz. Numerous ‘“‘cookbook” formulas
and circuits have been developed for active
filters, but none are applicable beyond 1 kHz.
Most are grossly inaccurate for frequencies
above 10 kHz.

This accuracy limitation has been rectified for
this design procedure by the development of an
active filter design technique that is highly ac-
curate for frequencies up to 500 kHz. This
covers most of the frequency range required for
FM telemetry applications. The design techni-
que basically consists of taking ideal active net-
works used in conventional low-frequency de-
sign and extending their analysis to include
higher frequency effects. This involved deriving
accurate mathematical filter models that took
all pertinent circuit parameters into considera-
tion. Equations describing these networks were
derived and used to calculate the component
values required to realize the network for a
given response. The resulting synthesis design
can be used to realize a filter network with
sufficient accuracy to assure that the resultant

frequency response will be within a few percent
of specified cutoff frequencies.

Active networks require the use of resistors
and capacitors in conjunction with active ele-
ments and eliminate the need for any inductive
components. Since resistors and capacitors can
be specified accurately, complex and time-
consuming tuning procedures can be eliminated.
By eliminating the complex tuning require-
ments, the time required to construct the filter
is greatly reduced. Since active filter synthesis
eliminates the need for inductive components,
the active filter can be fabricated in integrated-
circuit form, which permits a smaller package
size and higher reliability than that possible
with passive filters. An active filter in inte-
grated-circuit form can have a higher reliabil-
ity than an equivalent passive filter using
discrete components.

The ideal networks of figure 6-1 are the
conventional ideal models used for low-fre-
quency filter design. These networks are helpful
in visualizing the construction of active filters.
Active synthesis is accomplished through the
use of cascaded lowpass and highpass quadratic
(second order) sections. Any lowpass, highpass,
or bandpass filter of any order can be obtained
by cascading these sections. For example, a
sixth-order bandpass filter would use three
lowpass and three highpass quadratic sections.
For odd-order filters, a first-order section con-
sisting of a resistor and capacitor is added to
the last quadratic section. The amplifier ele-
ment, having a gain k, can be any high-gain,
feedback-type amplifier such as an emitter foi-
lower, Darlington, or operational amplifier.

The denominator of the voltage transfer
ratio for both the lowpass and the highpass

21
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Figure 6—1.—Ideal filter networks

quadratic networks are of the form

)2 ()

Wn Wy

where B is twice the damping ratio, and w, is
the natural frequency in radians per second.
One quadratic network is needed to realize a
second-order filter. The parameters that need
to be specified are B and .. For a fourth-
order bandpass filter, two lowpass and two
highpass quadratic sections are required. The
fourth-order bandpass can be considered as a
combination of a fourth-order lowpass together
with a fourth-order highpass. The computer
program calculates the required values of B and
o, for the type filter specified. These quantities
ordinarily would be sufficient data for the com-
puter to calculate the discrete component values
required to realize the filter. However, since
the conventional network models of figure 6-1
are limited in accuracy, other parameters related
to a more accurate model also must be specified.

For accurate synthesis at higher frequencies,
other circuit parameters must be taken into
consideration to obtain an accurate, realistic
model. These additional parameters were found
to be amplifier input capacitance (Cy), output
resistance (Ry), and gain (X), and the source
impedance of the input generator (B,;). Net-
work models taking these parameters into

consideration are shown in figure 6-2. These
models are used by the computer program to
synthesize the filter. The programs caleculate
the component values of Ry, B;, Ci, and G,
shown on each network. The elements Ry, R,
and C, are an integral part of the amplifier
and are not discrete components.

These parameters add additional terms to
the numerator of the voltage transfer functions
and alter the coefficients of the existing terms.
An R, as low as 5 ohms can seriously distort
the desired response if not taken into consider-
ation. Eiven when these parameters are con-
sidered, the extra terms in the numerator
cause some degradation of the response by
limiting the amplitude attenuation far out in
the reject-frequency band. However, this seldom
causes any problem since the attenuation is
usually far below the desired value before the
roll-off is limited.

Two separate programs for the design of
active filters are provided. Both programs
print out the minimum and maximum values
of the additional parameters of the realistic
network model. The first program (MLS)
automatically assigns acceptable values to these
additional parameters (K, E,, R,, C,) and
calculates the component values of R,, E,, C,,
and C; required to synthesize the specified
filter. The second program (ML7) allows the
operator to assign values to these additional
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F1eURE 6-2.—Actual filter networks

parameters. The operator can choose, within
the specified limits, any set of desired values.
The program then calculates R, R,, C;, and C..

The capacitive elements of the network can
have dissipative components associated with
them so that low-Q capacitors can be used.
When dissipative components are used, the
computer program will predistort the pole-zero
plot of the filter such that synthesis with the
dissipative elements will yield the proper
response.

Both programs calculate the frequency re-
sponse curves for the voltage transfer ratio
(Eouw/Ew) of the networks used to synthesize
the filter. The response curves are calculated
for amplitude, phase, time delay, and group
delay. The amplitude response is for the magni-
tude of the voltage transfer ratio, and the phase
response gives the phase angle in degrees.
The time delay is the delay in seconds that a
sinusoidal signal encounters in passing through
the network. The time delay is defined as the
negative of the phase angle divided by the
signal frequency. The group delay is the relative
delay in seconds of the envelope components
of a modulated signal passing through the
network and is therefore sometimes called the
envelope delay. The group delay is defined as
the negative of the derivative of the phase
angle with respect to the signal frequency.

The specially developed active filter design
equations used in the programs are not in-

cluded in this manual, except in the program
source listings, because they are not needed
for effective use of the programs. If desired,
a thorough development of the design theory
and equations can be obtained from a Thesis
entitled, “Analysis and Synthesis of Active
Quadratic Filter Networks for Telemetry Appli-
cations”’, University of Alabama in Huntsville,
1969, by Sidney Gussow. The Thesis essen-
tially is a detailed design manual for active
filters using quadratic networks and was the
source for much of the material used in this
section.
Amplifier Requirements

The amplifier chosen for the active element
of the quadratic network is dictated by the
restrictions on the values of the amplifier
parameters. These parameters are amplifier
output resistance (R,), input capacitance (Ca),
and gain (K). The restrictions on these param-
eters vary for each quadratic network and de-
pend upon the filter requirements. Both com-
puter programs print out, for each quadratic
network, values for the maximum gain permis-
sible (Kuas), the minimum gain permissible
(Kui), and the maximum allowable output
resistance (Romax)- LThese limits however are
interrelated; i.e., if the limits on one parameter
are further restricted, the limits on the other
parameters are extended. The set of limits cal-
culated is for an input capacitance (C4) of 10
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picofarads. If O, is increased, the limits are fur-
ther restricted. The limits on any parameters
can be exceeded a small amount by tightening
the restrictions on another parameter.

Kox varies from 2.5 to 1.0, and K, varies
from 0.6 to 1.0. For high-order filters, or band-
pass filters with narrow bandwidths, Ky, and
Kuin quickly converge toward unity; ie., an
amplifier with a stable gain near unity is re-
quired. As K,;, approaches extremely close to
unity (K>>0.995), the stability of the gain

K 0700 10 0.9%
R, 6 to 100 ohers
C,6 to 10 pf

)]

(8)

p—— O K 0.99000 to 0.99999
Eour R 0.001 o 10 ohms

i C, 6to 40 pf

Ficure 6-3.—Recommended amplifier types for
second order networks

{C)

chosen becomes more critical. For example, if
Ko were 0.99990, the gain of the amplifier used
would have to be within 0.01 percent of the
gain value it was designed for. Although this is
an extreme case, the gain requirement could be
satisfied by the use of a high-gain operational
amplifier.

The amplifier choice is restricted to those
amplifiers having parameters that lie within
the specified limits of K and R,. Three recom-
mended amplifier types along with their typical
ranges of parameter values are shown in figure
6—3. This can be used as a guide in selecting
an amplifier that meets the requirements.

For the amplifier of figure 6-3(A), figures
6-4 and 6-5 aid in determining the actual
values of B, and K. Figure 6—4 shows a graph
of By versus emitter current (/z). The current
Iy is determined by the value of the chosen
emitter resistor R, and the negative supply
voltage. After R, is found, the gain K can be
determined from figure 6-5, which shows a plot
of K versus R, for various values of R,. Figure
6-6, which shows a similar graph of R, versus
Iz, can be used to find B, for the amplifier of
figure 6-3(B). Figure 67 can then be used to

30+

OUTPUT IMPEDANCE Ro (OHMS)

15+

10+

51

0

0 1 2 3 4 5 6 7 8 9 10
EMITTER CURRENT Tt (MILLIAMPS)

Fieure 6-4.—Amplifier output resistance chart
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find the gain K. These curves vary slightly
from one transistor to another, but values
obtained directly from these curves are usually
accurate enough to obtain good design results.
If other transistors or amplifier circuits are
used, the gain and output resistance of the
amplifier must be measured.

Operational amplifiers having a high open-
loop gain can be used to obtain a gain as close
to unity as 0.99999 and an output resistance as
low as 0.001 ohm. For filters requiring ampli-
fiers having parameters beyond these limits, the
filter cannot be accurately realized. When using
operational amplifiers, two other characteristics
should be observed. One is that the frequency
roll-off of the amplifier itself must occur outside
the filter range so as not to influence the filter
roll-off. The other is the input capacitance (C)
of the amplifier. For some operational ampli-
fiers, C, can be as high as 50 picofarads, which
may be too high for the network.

After the amplifier parameters are selected
and fed into the computer, the program prints
out guide values that are used to determine
how much more the parameters can be increased
or decreased and still meet the network require-
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Fi1cURE 6-5.—Amplifier gain chart
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ments. If unacceptable parameter values are
used, the word “error” will appear in front of
the printout for that network in which the
values are unacceptable.

When either of several amplifier types can be
used to satisfy the network requirements, the
amplifier can be selected on the basis of its
power consumption. Each type of amplifier has
a different power requirement range. As the
power level of a particular amplifier is decreased,
its parameter values change such that higher
valued resistors and capacitors are required to
realize the network. Typically, a broad range of
component values is acceptable, and the power
consumption can be held to a low value. Power
requirements for each active quadratic section
range from 2 to 150 milliwatts. A more typical
range would be 10 to 60 milliwatts.

Connection of Cascaded Networks

The quadratic networks are connected in
cascade with the output of one network feeding
directly into the input of the following network.
It is important to assure that the amplifiers
are biased properly. The input to the amplifier
of the lowpass quadratic is de coupled and can
therefore obtain its bias from the preceding
stage. The input to the amplifier of the highpass
network is ac coupled and therefore must
supply its own bias.

The quadratic networks can be connected in
any sequence. Any lowpass or highpass section
can be connected to any other lowpass or high-
pass section. However, certain guidelines should
be followed. The output resistance of one net-

work is the source resistance (R,) for the follow-

ing network. It should be noted that the output
resistance of a network is usually much higher
than the output resistance of the amplifier
itself. For values of the coefficient B below
1.414, the output impedance peaks sharply at
the natural frequency of the network. The
lower the value of B, the higher the output
impedance. At the peak value, the output
impedance is purely resistive. Graphs of output
impedance versus frequency for various values
of B are shown in figures 6-8 through 6-11 for
lowpass and highpass quadratic networks. The
frequency scale is normalized to have the
natural frequency (F,) always appear at unity.

140 —’—

B=03%0

Fo=1824HE
8- Rp=70

Ficure 6-8.—Magnitude of output impedance for
lowpass second order networks
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Figure 6-9.—Phase angle of outpu! impedance for
lowpass second order networks
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FieURE 6-10.—Magnitude of output impedance for
highpass second order networks

The magnitude of the output impedance varies
from the value of amplifier output impedance
up to a peak value at its natural frequency and
then back down. The computer program prints
out the peak value of the output impedance
(Z,) for each quadratic network. If a network
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F1cure 6-11.—Phase angle of output impedance for
highpass second order networks

has the same natural frequency as the preceding
connected network, then the source resistance
(R;) is made equal to Z, of the preceding net-
work. If the network has a natural frequency
different from the preceding network, the value
of R, at the network’s natural frequency is
roughly estimated from Z, of the preceding
network by referring to the output impedance
curves. The natural frequency is the most
critical frequency for the network, and it is at
this frequency that the network should be
defined accurately.

One quantity not considered in the model
of the quadratic network is its output load.
The effect of the load was not included because
it was found to complicate excessively the
synthesis equations and did not normally need
to be considered. It does need to be considered
when the input impedance of the following
network is less than five times the output
impedance of the preceding or driving network.
By proper sequencing of the networks, this
case can usually be avoided; if not, the load on
the network must be reduced by using a buffer
amplifier, usually an emitter-follower, at the
output. An emitter-follower buffer consisting
of a PNP transistor can very conveniently be
added to the output of the amplifier of figure
6-3(B). Here, the combination of the amplifier
and buffer has no dec offset voltage between
input and output. It should be noted that when
a buffer is used, the feedback component that
is connected to the output of the amplifier
remains connected there and is not moved to
the output of the buffer.

353-813 0—89——3

The value of the input impedance (Zy) of
each network at its natural frequency is sup-
plied by the programs. Graphs of input im-
pedance versus normalized frequency are shown
in figures 6-12 through 6-15 for values of the
coefficient B above and below 1.414 for lowpass
and highpass quadratic networks.

I a first-order network is required, it should
be connected to the output of the last second-
order network. The value of B, for the first-
order network is determined by the same
method as for the quadratic network. The
first-order network, however, considers the
effects of a load resistance (&) at its output.
The program supplies the maximum possible
value for B, and the minimum value of E, for
each first-order network.

6.2 FILTER DESIGN PROGRAM MLs
Purpose

The purpose of ML6 is the active synthesis of
a filter. The program supplies a typical set of
acceptable amplifier-dependent parameters and
calculates the component values of the net-
works used to realize the filter along with the
response curves of the networks.

Description

The program covers Butterworth and Cheby-
shev-type filters in the lowpass, highpass, and
even-order bandpass configurations.

The synthesis portion of the program cal-
culates By, B;, Cy, and ; for the networks shown
in figure 6-2. Note that R, E, and C, are
internal parameters of the amplifier and are not

Fy= 192kt

Wugiitude of 2 , {kifa-ohts)

Frequency [,

Figure 6-12.—Magnitude of input impedance for
lowpass second order networks
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Ficure 6-13.—Phase angle of input impedance for
lowpass second order networks

Fo = 128kHz

Manitude of 2, {Kilo~chims)

Figure 6-14.—Magnitude of input impedance for
highpass second order networks

externally added components. Also calculated
are the input and output impedances of the
networks along with limits on the amplifier
parameters that assist in selection of the type
amplifier required.

The analysis portion of the program calculates
the frequency response for each network and
the total responses of the combined networks.
The response curves are calculated for ampli-
tude, phase, time delay, and group delay.
These response curves are given for the actual
networks and can differ slightly from the the-
oretical eurves obtained from program MIL1A.

The program has the ability to predistort
the filter’s pole-zero plot to compensate for the
dissipative effects of low-Q capacitors. The
predistortion occurs automatically when a
value for @ is specified for the capacitors.

Ficore 6-15.—Phase angle of input impedance for
highpass second order networks

The input data required for filter synthesis
are entered on two cards and include order of
the filter, passband ripple, quality factor of
the capacitors, configuration factor, center
frequency for bandpass or 3-db cutoff frequency
for lowpass and highpass, and bandwidth. The
input data required for the analysis portion
are entered on a third card and include the
maximum frequency of interest, the minimum
frequency, the size of the ‘frequency step be-
tween successive frequencies of interest, and
a magnitude scale factor that divides into the
actual amplitude response values. If the scale
factor is set equal to the maximum amplitude
value, obtained from a previous run, the new
maximum amplitude value will be unity. If
the response curves are not desired, the third
data card is left blank.

A bandpass filter can be realized with either
of two different sets of networks. The input-
to-output voltage gain of the combined net-
works is much greater for one set than for the
other. Both of these sets of networks are printed
out for the bandpass case so that the operator
can make his own choice. The two sets of
bandpass networks are labeled “High Gain”
and “Low Gain.” A separate set of response
curves is calculated for each case. Typically,
the low-gain filter will have a voltage gain
between 0.5 and 2, while the high-gain filter
will have a voltage gain between 2 and 15.
Usually, it is more desirable to choose the
low-gain networks because they have less
stringent amplifier parameter limits. Also,
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lower power supply voltages can be used since
the signal amplitude is lower.

Operation

To use ML6, the input data should be
punched on three cards with the format given
in table VIII. Any number of sets of these three
cards can be stacked at the end of the program
deck. Two blank cards must be placed behind
the last data card.

Tasue VIIIL.—ML6 Input Data Format

Card Parameter Column
No.1 Filter order 4and 5
Passband ripple (db) 6-20

Q factor 21-30

No. 2 Configuration factor 1-10
Center or cutoff frequency (Hz) 11-20
Bandwidth (Hz) 21-30

No. 3 Maximum frequency (Hz) 1-10
Minimum frequency (Hz) 11-20
Frequency step (Hz) 21-30
Amplitude scale factor 31-40

If there is to be no predistortion, the columns
allocated for the @ factor should be left blank;
if there is to be no scaling of the amplitude
response, the columns allocated for the ampli-
tude scale factor should be left blank. The
filter order is a fixed-point number; all other
input data are floating-point numbers.

The configuration factor is defined as follows:

1. Lowpass
Configuration factor={2. Highpass
3. Bandpass

The subroutines called by this program are
CARIP, CAPOO, CAPOE, CMPRL, CMPRH,

CPFRL, CPFRH, BPBCW, CARSP, PDSEV,

and PSDOD.

OQutput Format

A sample computer printout of the first two
pages for a lowpass, fifth-order Butterworth
filter having a 3-db cutoff frequency at 100
kHz is shown in figure 6~16. The printout for
a second-order, bandpass Butterworth having
a bandwidth of 40kHz at a center frequency
of 45.826 kHz is shown in figure 6-17. The
synthesis section and response curve section

-
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are shown for both examples. Only the first
page of the response curve values is shown.

First shown is a printout of the input data
in the same arrangement as punched on the
input data cards. Next are the parameter
values for each type network needed to syn-
thesize the filter. Each network is defined by
the coefficient B, which is equal to twice the
damping ratio, and the natural frequency F.
FLIM is the frequency at which the amplitude
roll-off slows down and begins to deviate
severely from the theoretical response.

The discrete network components R,, R,
Ci, and C; and the amplifier parameters K,
Ry, and C, are for the networks shown in figure
6-2; R, is the output resistance of the preceding
network and is not added as a separate com-
ponent. In simpler terms, the calculated values
of By, R,, Cy, and C; can be considered to belong
to the ideal networks of figure 6—1 where the
parameters K, Ro, B, and C, are internal to
the networks.

Ky Kusx, and Romax are the limits on the
amplifier parameters K and Ro; Z, and Zy, are
the output resistance and the magnitude of
input impedance at the natural frequency.

CMIN is the minimum allowable value of
C, and @, for the highpass second-order
networks. A and BCAL are program checkout
parameters; A should always be equal to unity,
and BCAL should equal B.

C2M is a guide parameter that must always
be greater than (. The amount that C2M
exceeds C; gives an indication of how much C;
can be decreased and still satisfy the network
requirements. For the minimum value of C,
C2M and G; are equal.

The format of the equations used to calculate
R, and R, is listed last. The quantity within the
square root (SQRT) sections must always be
equal to, or greater than, zero. The amount
that this quantity exceeds zero gives an indica-
tion of how much the calculated amplifier
parameter limits can be exceeded. The value
of these guide parameters will become more
apparent when using the next computer pro-
gram ML7, which has the same output format
as this program.

The limits RGMAX and RLMIN for the
first-order networks are for the value of C; used.
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ACTIVE FILTER DESIGN PROGRAM ML &

INPUT DATA
Nw 5 R(DB) = 0.00000E 00 Q = 0400000E 00
YY = 0¢10000E 01 FO = 0410000E 06 8% = 0400000E 00
FMAX = G.20000E 08 FMIN ‘= Oe40000E 05 DF ® 0s10000E 05 SCAL = 0200000E 00
1= LOW=PASS SECOND ORDER
B = 0461803E 00 F = 0499999E 05 @ = 0s10000E 26 FLIM = O470356E 06
K = 0497877E 00 RO = 0s64048E 02 RG = 0400000E 00 CA » 0010000E~10
Rl = 0.31129€ 04 R2 = De32081E 04 Cl = 0422159608 €2 = 0499999E~10
KMIN = 0J9T877E 0O KMAX = 0411273E 01 ROMAX = 0e64D48E 02 C2M = 0010442E=09
BCAL = 0.61803E 00 A » 0499999E 00 20 » 0s49644E 03 ZIN = 0,20546€ 06
Rl = X1 421 = X1 + SQRT( X1##2 = Y1 )
X1 = 0426705E 04 Z1 = 0.44234E 03 X1%#2 = 0471320 07 Y1 = 0e69363E 07
R2 = X2 = 22 = X2 ~ SGRT( X2##2 = Y2 )
X2 = 0+38396E 04 22 = 0463144E 03 X2#42 = Oel4T42E 08 Y2 = 0s14343E 08
1 =2 LOW=PASS SECOND ORDER
B = 0,16180€ 01 F = 0099999E 05 G = 0s0000E 26 FLIM = 0495317E 06
K = 0,90000E 00 RO = 04+10000E 03 /G = 0400000E 00 CA * 0410000E~10
Rl = 0.99092€ 04 R2 = Ds11541E 05 €1 = 0e19764E=09 €2 = 0s99999E~10
KMIN = 0s73819E 00 KMAX = 0+18726E 01 ROMAX = 0438144E 03 C2M = 0410000E~09
BCAL = 0.16180E 01 A ® 0410000E 01 20 = 0416767E 03 ZIN = 0s13717€ 05
‘Rl = X1 421 = X1 ¢ SORT( X1#%2 = Y1 )
X1 = 0,98387E 04 21 = 04706276 02 X1#%2 = 0496B01E 08 Y1 = 0496796€ 08
RZ = X2 = 22 = X2 = SQRTI X2#%2 = Y2 |
X2 = 0211624E 05 22 = 0e82945E 02 X2#42 = 0s13512E 09 Y2 = 0413512€ 09
=3 LOW=PASS FIRST ORDER
8 = 0s10000E 01 F = 0410000E 06 W ® 0.62831E 06 @ = Cs10000E 26
Rl = 0s15172€ 04 C1 = 0+10000E=08 RG = 04100COE 03 RL ‘= 0410000E 06
CIMAX » 0s79577E~08 RGMAX ‘= 0+10020€ 03 RLMIN » 0+31831E 04

FILTER RESPONSE CURVES

A 8 < <) D € F

1 099999€ 00 0e61803E 0O 0210000 01 0e19773E~01 GeB91T6E=0] 0«97877E 00 0410000 06
2 G410000E 01 04161808 01 0+10000¢ 01 Oe99059E=02 Del2418E=01 0+90000€ 00 0+10000E 06
3 0.00000E 00 0410000€ 01 04100008 01 0400000E 00 0400000E 00 0498408E 0O 0410000E 06

FREQG = 0+400000E 05
1.=1 A= 0e11149E 01 P= ~0414305€ 02 P/We =0e99242E=06 Da  0413419E=05
1 =2 A= 0¢84724E 00 P ~0437297E 02 +25900E=05 D= 0e26344E=05
1 =3 A= . 0491369E 00 Pe =042]801E 02 P/We =0415139E~05 D=  0413720E=05
AT= De86310E 00 PTm =0473403E 02 PT/Ws =0e30974E=05 DT=  0e524B4E=05

FREQ = 04500000£ 05
1 =1 A= 0s12017¢ 01 Pu =0s19771E 02 P/u= =0¢20984E=05 D= 0s17217E=05
1 =2 A= 0e81355E 00 Po =~0e46771E 02 P/W= =0e25984E~05 D= 0s26228E~05
1 =3 A= 0+88019E 00 Px =0+26565E 02 P/Ws =04146758E=05 D= 0s12732E=05
ATa  0e86063E 00 PT= «0493107E 02 PT/Wa =0s51726€E=05 DT=  0e5617RE=05

FREQ = 0+600000E 05
1 =1 A= 0e13156E 01 Pa =0426936E 02 P/W= ©Gal24T0E~05 D= 0422973E=05
1 =2 An  0«77095E 00 Pm =0456129E 02 P/Wm =0e25985E~05 D= 0425680E=05
i=3 A= 084384E 00 Pa =0+30963E 02 P/W= =0e14335E=05 D= 0¢11702E=05
AT=  0485591E 00 PTe =0s11402E 03 PT/Wm =0452791E=05 DTs  0¢60356E=05

FREQ = 04700000E 05
1 =1 A=  0e14520E 01 P® =0436621E 02 P/ya =0s14532E~05 D=  0+31280E=05
1=2 A= 0e72067E 00 P= ~0465202E 02 P/vin =0e258THE=05 D% 0s24645E=05
=3 A= 0e80619E 00 Pw =0+34992E 02 P/We =De13885E=05 D=  0s10681E=05
ATs  0sB4265E 00 PTm =0s132681E 03 PT/Ws =0s54292E=05 OTs  0e66607E=05

FREQ = 0,800000E 05
I=1 A= 0615839€ 01 P «De49717E 02 P/Ws ~De17263E=05 D=  0s415626E=05
1 =2 A=  0s66518E 00 Ps =0,73821E 02 P/um =0425632E~05 D=  0s23171E~05
13 A= 0476844 00 Pw ~0s38659E 02 P/¥n =0e13623E=05 D= 0e97D45E=06
ATz 0080965E 00 PT= =0426219E 03  PT/¥s «0456319E~05 DTa  0e74502E=05

FREQ = 0+900000E 05
1= A= 0416436E 01 P= =0466375E 02 Prun =04206486E~05 D= 0450018£=05
1e2 A= 0260T42E 00 Pm =0+81848E 02 P/us =0425261E=05 O» 0s21386E~05
1=23 A= 0473146E 00 P= =0441987E 02 P/Wm =0s12959E=05 D= 0.87931E«06
ATs  0073028€ 00 PTs =0.19021E 03 PT/W= =0s58707E=05 DT= 0.80198E~05

FREQ = 0+100090E 06
1 =1 A= 0¢15584E 0) Pu =0+84687E 02 P/Wn «0923524E~05 D= 0+49975E=05
I=2 A= 0e55016E 00 Px =0489200€ 02 P/us =0e264TT7BE=05 Da Qe 19445E=05
i1=3 A= 0469585E 00 Pa =0.45000E 02 P/uw =0412500E~05 D=  0s79577E=06

ATn  De59660E 00 PTm =0421888€ 03 PT/Wa =0.60802E-05 DT=  0e77379E=05

Fiegure 6-16.—Sample output of program ML6 for a fifth order lowpass Butterworth
filter
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For a different value of (), these limits will
change; CIMAX is the maximum allowable
value of C, for the lowpass first-order networks.
If any of the calculations for a network are in
error, the word “error” will appear on the left
side of the network number.

The filter response curves are calculated from
the coefficients of the network voltage transfer
ratios that have the general form

Epo_GS*+DS+E.
E, AS™FBSFC

where S=j(w/w,) and w, is the natural frequency
in radians per second. The coefficients 4, B, C,
@, D, and E are printed out for each network
along with its natural frequency F in hertz.

The response curves are calculated for each
network from the lowest frequency of interest
through the highest frequency of interest. The
symbol representation used is;

A  =Amplitude

P =Phase angle in degrees
P/W=Time delay in seconds
D =Group delay in seconds

AT, PT, PT/W, and DT are the total re-
sponses of the combined networks and closely
approximate the theoretical filter response.

6.3 FILTER SYNTHESIS PROGRAM ML7
Purpose

The purpose of ML7 is to synthesize active
filter networks from the characteristics of the
networks voltage transfer function. The oper-
ator supplies the coefficient B, the natural
frequency, and the amplifier parameters; the
program calculates the component values and
the response curves of the network.

Description

The networks covered by the program, along
with their ideal voltage transfer functions, are:

_E
BSH1
DS

First-order highpass BSIT

First-order lowpass

__E__,
S™+BS+1

Second-order lowpass

2
Second-order highpass SZ——l—GBﬁs-—T—_I’
where S=j(w/w,), where w, is the natural fre-
quency in radians per second. As can be seen,
B is the coefficient of the S term in the de-
nominator of the first order transfer functions
and is equal to twice the damping ratio for the
second-order functions.

The synthesis portion of the program allows
the operator to supply the values of the co-
efficient B, the natural frequency F, the
amplifier parameters K, By, and Cy, the input
resistance R,, and the capacitor C; for the
second-order networks or capacitor C; for the
first-order networks. These parameters are for
the networks shown in figure 6-2. The param-
eters required can be obtained from program
ML6, which calculates these parameters from
the filter specifications.

Program ML7 also calculates guide param-
eters and limits for the amplifier parameters
that assist in obtaining the optimum set of
parameter values.

The four networks considered can be used to
synthesize filters in the lowpass, highpass,
bandpass, and bandstop configurations.

The analysis portion of the program calculates
the frequency responses for each network and
the total responses of the combined networks.
The response curves are calculated for ampli-
tude, phase, time delay, and group delay.

The input data required for network synthesis
are the values of B, F, R,, Ro, K, C,, and C; for
the second-order networks and B, F, R,, B;, and
C; for the first-order networks. For the second-
order highpass networks, C; and C; are always
equal. Each parameter has an assigned code
number that allows the computer to identify it.
This allows the computer to transfer the
parameter value from one network case to
another until it is modified by the operator.

The input data required for the response
curves are entered on a single card that is
inserted behind all the network data cards for
which the response curves pertain. The data
entered on the response analysis card include a
code number that calls the analysis subprogram,
the maximum frequency of interest, the mini-
mum frequency, the size of the frequency step
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ACTIVE FILTER DESIGN PROGRAM

ML 6

WPUT DATA
N = RI{DB} = 0.,C0000E G0 Q = G40Q0000E Q0
YY¥ s 0s30000E 01 FO = 0+45826E 05 BW = 0e40000E 03
FMAX & 0415000E .06 FMIN » 0410000E 05 OF = 0410000E 05 SCAL » 0¢00000E 00
BAND=PASS FILTER NETWORKS { HIGH GAIN }
1a] LOW=PASS SECOND ORDER
B = 058735E 00 F = 0062949E 05 Q = 0s10000E 26 FLIM & 0446551E 06
K = 0.98083E 00 RG = 0+87152E 02 /G = 0e00000E 0O CA = 0410000E~10
R1 © 0sG6BT4E Ok R2 o 0e48223E 04 Cl = 0e26T793E-08 C2 = 04,99999E~10
XKMIN = 0s98083E 00 KMAX = Qe1l149E 01 ROMAX = Qe8T152E 02 C2M = 0410455E=09
BCAL = 0#58735E GO A = 04300008 01 20 = 0e74347E 03 ZIN = 0.29485E 04
Rl = X1+ Z1 = X} 4+ SORTI Xl#e2 - ¥1 }
X1 & 0s40146E 04 21 ® Qe86T2T5E 03 Xi##2 = Qu16127E 08 Y1l = Csl5665E 08
R2 = X2 =22 = X2 = SQRT{ X2#e2 = ¥2 )
X2 = 0457866E 04 T2 = 0+96338E 03 X2%#2 o 0433463E 08 Y2 a Q432557E 08
I m2 HIGH~PASS SECOND ORDER
B = 0.56736E 00 F = 0#33360€ 05 @ = 0s1C000€ 26 FLIM = Q¢35999E 03
K = 0e498083€ 0O RO = 0+10000E 03 RG » 0s100C0E 03 CA » 0410000E~10
Rl ® Q¢17271E 04 R2 = 0450672€ 05 €1 = 0448575E~09 €2 = 044BSTSE-D9
KMIN = 0498083E 00 KMAX » 0s11149E 01 ROMAX = (e22048E 03 CMIN = 0.48575E-09
BCAL = 0+58736E 00 A 8 0»10000E 01 20 = 0.,95809E 03 ZIN = 0450483E 04
Rl = X1 # Z1 = X1 4 SORT{ X1%#2 « Y1 )
X1 = 0413191E 04 Z1 ® 0440797E 03 Xl%#2 = 0417402 07 Yl = 0,15738E 07
R2 = X2 =22
X2 = 0Qe50763E 05 Z2 ® 0s90894E 02
FILTER RESPONSE CURVES *
1 A B C [] o E
1 0s10000£ 03 0+5B735E 00 0e10C0QE 01 0e179358=01 QeB5466E=01 0e98083E 00
2 0+10000E 01 0+58736E 00 0410000E 01 0s943528 00 0410181E~01 0»00000E 00

FREQG = 04100000€ 0%
I = A= 0s100312E O} Pz =Qs46743E 01 P/We =0a12984E~05
1 a2 As  0491513E£~01 PR 0e16698E 03 P/We  0e46386E~04
ATe 0491631E-01 PT= Del6231€ 03 PT/We  Qe4S0BTE~04

FREQ = 04200000E 05
1 =1 As  0e10665E 01 P= =D410137E 02 P/Wm =0y 14079E~0S
1 =2 A= 0446399E 00 P=  0,15017€ 03 P/wa  0420857E=06
ATa  0.49491E OC PT®  0414003E 03 PT/Ws  0el9449E=04

FREG = 0+300000E 05
1= A= 04118928 O P= =0,17521E 02 P/we «0,16223E-05
1 =2 A= 0e13583E 01 P=  De10922E 03 P/W=  0410113€E~=04
ATa D0.16154E 01 PTw 0491701 02 PT/Wa  0e84909E~05

FREQ ® (44000008 05
1 =21 Am  0413862E 01 Pe «0,28852E 02 P/Wn =0420036E~05
1 a2 A= 0s16360E Ol Px  0e457825E 02 P/Wz  0e40017E=05
AT= 0422679E 01 PTe 0428772E 02 PT/W= Cel9981E~05

FREQ = 04500000 05
1= A= 0e16337¢ 01 Px wQ,47644E 02 P/W= =0e26469E-05
1 =2 A= 0413890€ 01 Ps  0.34822E 02 P/um  Del9345E~05
ATa 04226928 01 PT= =0412822€ 02 PT/Wn =0s71236E=06

FREQG = 0s600000E 05
1= A= Q417063E 01 Pa =0475888E 02 P/Wn ~0s35]33E«05
I =2 A=  Qe12347E 01 P2 0s24956E 02 P/Ws 0sll554E=05
AT=  0621069E €1 PTe =0s50931E 02 PT/¥= =0e23579E~05

FREQ = 04700009E 05
1 =3 A= 0413868E 01 P= =0410424E 03 P/Wn =0461367E-05
1 =2 A= 0s1l478E O1 Px  0s19614E 02 P/w=  Qe77B37E=06
AT» 0415918 01 PTe =(QsB4632E €2 PT/Wa =0e33584E«05

FREQ = 0+800000E 05

Dm  0413672E=05
D= 0e29815E~05

DT

0062487E~05

D= 0s17177E=05

L
oTe

0e69857E=05
0487034E=05

D= 0e24742E=05
D=  Ds15995E~04

oT=

0+18470E~04

D*®  0439886E=05

D=
DT

De98993E~05
Qe 1388BE~04

D= 0466166E-05
D=  0+38840E-05

oT=

Qe 10500E=04

D= 0e85773E~05
D=  0e19262E~05

oT=

00 10503E=04

D= 0s66492E~05
D= 0s11441E~05

DTs

Qe TT7934E-05

1= An  0499051E 00 Pe =0,12297€ 03 P/Ws =0042701E=05 D=  0239133E=05
1 =2 A= 0+10950E 01 Pa 04162568 02 P/ux  0s5644TE~06 0= 0e76149E=06
ATa  0,10846E 01 PTu =010672E 03 PT/Ws =0s3T056E~05 DT=  Qe4ET4BE~DS

FREQ = 049000COE 05
1 =1 A= 0.71053E 00 Ps =Q413381E 03 P/Hs =0e4l301E=05 Oe  0¢22753E-05
1 =2 A=  0410605E 01 Pa  0413936E 02 P/Ws  0e%3G1L3E~06 D= 0e54620E=06
AT=  0475357¢ 00 PT= ~=0411988E 03 PT/W= =0a437000E-05 OT= 0+28215E~05

FREG 0¢100000E G&
1= A2 052915E 00 P =0+14025E 03 P/Wa =0438960E=05 D= 0s13912E=05
1 =2 A*  0410367€ 01 Pa  0,12227€ 02 P/Wn  0433965E-06 D= 0s41272E-06
ATa  Da54862E 00 PTe «0s128C3E 3 PY/W= ~02355p4E~05 DT= - 0e18039E-05

F1aUuRE 6-17.—Sample output of program ML6 for a second order bandpass Butterworth

filter
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X2 = 22
0s11870E
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ACTIVE FILTER
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00.
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00
[o]+]
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2

1
2

~N -

nNo

1
2

N

"o

1
2
1
2
-
-l
-2

~ -

=
=1
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0e87351E
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I3
RO
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KMAX =

A
X1 + SQRT(
2l =

X2 = SQRT(
22 =

033360 05 Q
0410000€ G3 RG
0¢11004E 05 <1
Gelll49E 01 ROMAX
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SECOND ORDER

F =
RO
R2

KMAX =
A

X1 4 SORT(
1

2 =

8

0058736€ 00
0e587235E 00

ol
=01
~01

0l

o0

a0

ol

[+14]

0l
o0
00

00
00

00
01
00

21
o1
00

090
01
00

00
00

00
o1
oo

=01
01

0062949E 05 @
0+10000E 03 RG
0e¢28521E 05 <
Cell149E 01 ROMAX
0+10000E 01 0
X1%%2 = ¥1 )

0017037E 03 Xlee2

0o85709E 02

<

0«10000E Q1
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SYNTHESIS

6

0e10000E 26
0+00000E 00
0019431E=08
0el6445E 03
0473853 03
Cs78198E 08

0e14091E 09

0s10000E 26
0010000E 03
0e48575E=09

0s16984E 03
0410085E 04

0+41125E 06

0410334E~01 Qo b
0494539E 00 Dol

Pm =~0s10234€ 02 P/We =0428429E=05 D=
P=  0a16724E 03 P/We  0a46456E=04 D=
PTe  0015700E 03 PT/We  0043613€E~04 DT=

P= =0427366E 02 P/W= =0438008E~05 O=
Ps  Qol6s6lE 03 P/ur  0022863E~04 D=
PT= 0s13724E 03 PT/We  0s19062E~04 OT=

P= =0467932E 02 P/Wn =0462900E=05 Dw
Pa  Qei5764E 03 P/Hm Do laB9T7E=04 D=
PT= 0eBY717E 02 PT/Ws  0483071E=05 DTm

P= =0s11896E 03 P/We =0s82614E=~05 D=
P=  0el4612E 03 P/Wn  0al0147E=04 D=
PT= 0s27158E 02 PY/We  0,18859E-05 OT=

P =0o.14111E 03 P/wa =0078398E-05 D=
P=  0+12688E 03 P/Wz Qe 70491E=-05 D=
PT= =0014233E 02 PT/Na =0.79073E~06 oTe

Pa =0,15027€ 03 P/s =0e69573E=05 b=
Ps  0,98062f 02 Psyie  0s65399E=05 D=
PTa =0e52215€ 02 PT/W= =Q024173E~05 DT

Pa =0e15486E 03 P/de =0e6)456E=05 D=
Pa  0e69044E Q2 P/Wn  0e27398E~05 D=
PT= =0.85825€ 02 PY/Wn =0,34057E~05 oT=

Pa =0¢15743E 03 P/Wa =0e54664E~05 D=
Pe  0e49595E Q2 P/Wwe  0417220E-05 o=
PTe =0,10783E 03 PT/Wa =0q37444E~D5 oT=

Pa =0¢15893E 03 P/Wm =0,49048E-05 D=
Pa  0437995E 02 P/va  Qell726E~03 o=
PTw «0+12092E 03 PT/Ws «0037321E=05 OT=

Pm ~0s15973E 03 P/Wz =0ek63T1E=05 D=
P 0430751E 02 P/da  0e85420E=06 D=
PTs =0,12898E 03 PT/Wu ~0e35829E=05 bT=

Ps ~0416011E 03 P/Ws =0440431E=05 D=
Pa  0e25890F 02 P/Wm  02653T9F=C6 De

F1oURE 6-17,—Concluded.
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between successive frequencies of interest, and
a magnitude scale factor that divides into the
actual amplitude response values. If the scale
factor is set equal to the maximum amplitude
value, obtained from a previous run, the new
maximum amplitude value will be unity.

Operation

To use ML7, the input data cards are pre-
pared in the following format:

(1) Title card—Must be present but can be
blank; any descriptive information can be
entered in columns 1-80

(2) Network code card—Calls the desired net-
work; code number used columns 1 and 2.

(8) Parameter value cards—Each network
parameter value is punched on a separate card
along with its code number.

Code number Column 1

Parameter value Columns 2-12

(4) Blank card

(5) Parameter value cards—For the next case
of the same type network; only the parameters
that are changed from the preceding case need
to be entered. As many cases as desired can be
obtained by separating the new parameter
values with a blank card.

Code number Column 1

Parameter value Columns 2~12

(6) Blank card

(7) Network exit card—Exits the called net-
work; exit number is 9 in column 1.

(8) Network code card—Calls the next net~
work desired; repeat the previous sequence of
cards for as many network types as required.
Be sure to end each sequence with a network
exit card.

(9) Response analysis card—If the response
curves are not desired, this card is omitted.

Columns
Code number is 15 1 and 2
Maximum frequency (Hz) 3-12
Minimum frequency (Hz) 13-22
Frequency step (Hz) 23-32
Amplitude scale factor 33-42

(10) Blank card
(11) Blank card

The network code numbers are defined as
follows:

Network Code No.

11 Lowpass first order
12 Lowpass second order
13 Highpass first order
14 Highpass second order
15 Call analysis program

The parameter code numbers are defined in
table IX. These parameters are for the networks

of figure 6-2, where F'is the resonant frequency
in Haz.

Tasue IX.—Definement of Parameter Code
Numbers

Param- Lowpass Highpass Lowpass Highpass
eter 2nd order 2nd order 1st order 1st order

Code No.

1 B B B B

2 F F F F

3 C2 C2 Ci C1

4 RG RG RG RG
5 K K RL RL
6 RO RO

7 CA CA

8 Ci

The network and parameter code numbers
are fixed-point numbers, and all other input
data are floating-point numbers. The capacitor
values are more conveniently expressed in
exponential floating-point form. As an example,
100 picofarads would be expressed as 1.0E-10
or 100.0E-12. When in this form, the number
must end in the last column allocated for the
parameter. The resistance values are entered
in ohms, and the capacitance value in farads.

The value of the parameters, with the ex-
ception of € and Ry, are carried over from one
network case to another and from one network
type to another and need not be re-entered
unless they are changed.

The parameter values of (), for the lowpass
second-order network and B, for the first-order
networks do not have to be specified. The
computer will automatically assign the mini-
mum acceptable value for C; and an infinitely
high value for R,. If a standard capacitor value
is desired, O, can be specified at a value above
its minimum value.
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If a printout of the coefficients of the net-
work transfer functions is desired without
having the response curves, the response
analysis card is used with number 15 in columns
1 and 2, and the rest of the card left blank. A
sample listing of input data cards follows for
a fifth-order, lowpass Butterworth filter. All
data start in column 1. The computer printout
for these input data is shown in figures 6-18
and 6-19.

Title Card

11

110

2 100000.

3 2200.0E-12

4 34

Blank card

9

12

1 0.618

3 560.00E-12

4 20.

5 0.998

6 15.

7 10.000E-12

8 8200.0E-12

Blank card

1 1.618

4 140.

8 1000.0E-12

Blank card

9

15 200000. 40000.

Blank card

Blank card

The subroutines called by this program are
CASEL, CASEH, CAFIL, CAFIH, and
CARSP.

10000.

Qutput Format

A sample computer printout for a fifth-order’
lowpass Butterworth filter having a 3-db cut-
off frequency at 100 kHz is shown in figure
6-18. This printout was obtained by using the
sample deck of data cards listed in section 6.3.

A second sample printout for a second-order,
bandpass Butterworth filter having a band-
width of 40 kHz at a center frequency of
45.826 kHz is shown in figure 6-19. The input
parameter values for both printouts were ob-

tained from the sample printouts of program
MLs.

The output format for these programs is the
same as for program ML6 with the exception
that the @ factor is replaced by w, which is the
natural frequency in radians per second. Rather
than repeat the same material here, the reader
is requested to refer to program MLS6, output
format, section 6.2, where the output format is
discussed in detail.

The data from these two sample printouts
were used to construct active filters of the type
indicated in the printout. The responses of
the filters were measured and found to coincide
closely with the theoretical response. The filter
schematics and comparison of the filter response
curves are shown as part of the design examples
given in section 8.

6.4 TEMPERATURE-DEPENDENT FILTER RESPONSE
PROGRAM MLs8
Purpose
The purpose of MLS is to calculate the net-
work response curves for any temperature
specified by the operator.

Description

All the parameters of each network consid-
ered are required as input data. Also required
are the temperature coefficients of components
R, R, C;, and C, in units of percentage of
change per degree Celsius for each network.
For a specified value of temperature, the pro-
gram will calculate the response curves for each
network and the response curves for the total
combined networks. The response curves are
calculated for amplitude, phase, time delay,
and group delay.

The control frequencies for the response
range are punched on a single card in the same
format as for program ML6. The data consist of
the maximum frequency of interest, the mini-
mum frequency, the size of the frequency step
between successive frequencies of interest, and a
magnitude scale factor that divides into the
actual amplitude response values. If the scale
factor is set equal to the maximum amplitude
value, obtained from a previous program run,
the new maximum amplitude value will be
unity. The columns allocated for the scale factor
are normally left blank.
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ACTIVE FILTER SYNTHESTS PROGRAM ML 7

FIFTH DRDER LOW-PASS BUTTERWORTH FILTER

LOW-PASS FIRST ORDER FILTER MEIWORKS

1e1
8 = 0410000E 01 F = 0410000E 06 W = 0.62831E 06 BCAL » 0,10000E 01
R1 = 0,68943E 03 C1 = 0+22000E=08 RG » 0434000E 02 RL « 0+10000E 26
CIMAX = 0e79577E~08 RGMAX = 0410000E 03 RLMIN = 0414468E 04 E = 0410000E 01
LOW=PAS5 SECOND ORDER FILTER NETWORKS
I =2
B » 0s61800€ 00 F = 0410000E 06 W = 0.62831E 06 FLIM = 0.79729€ 06
K = 0¢99800E 00 RO = 0015000 02 RG = 0.20000E 02 CA ‘= 04100008~10
Rl = 0.89620€ 03 R2 = 0¢56722E 03 €l = 0.B82000E-08 €2 = 0.55999E-09
KMIN = 0.97878E 00 KMAX = 0.11273E 01 ROMAX = 0412358E 02 C2M = 0459BT4E=09
BCAL « 0.61799E 00 A = 0.1G000E 01 20 = 0.12746E 03 ZIN = 04544138 03
Rl = X1 4+ 2Z1 = X1+ SQRT{ X1#%2 = ¥1 )
X1l = 0s73356E 03 Z1l * Qe18263E 03 Xi##2 = 0453812E 06 Y1l = 0.50477€ 06
R2 & X2 =22 = X2 = SGRT{ X2%%2 = Y2 }
%2 = 0475510€ 03 Z2 = Q«18788E 03 K2%#2 = 0457018E 06 Y2 = 0+53488E 06
1e3
B = 0+16180E 01 F = 0s1000CE D6 W = 0462831E 06 FLIM = 0414335E 07
K » 0499800€ 00 RO = 0415060E 02 RG = 0+14000E 03 CA » 0410000E-10
R1 = 0429020E 04 R2 = 0e14387€ 06 €l = 0+410000E-08 C2 = 0455999E-09
KMIN a 04738208 00 KMAX = 0e18726E 01 ROMAX = 0473607E 02 C2M = Qe64482E-09
BCAL = 0.16179E 01 A = 0299999E 00 20 = 0s32596E 02 ZIN = 0432293E O4
Rl = X1 4 21 = X) + SQRT( X1%#2 =~ Y1 }
X1 = 0e22378E 04 21 = QeB80418E 03 X1#%#2 = 0e50079E 07 Y1l = 0443612 07
R2 = X2 =22 = X2 = SORT{ X2##2 « Y2 )
X2 = 0e22457E 04 Z2 = 0+BO701lE 03 X2%#2 = 0450434E 07 Y2 = 0e43921E 07
FILTER RESPONSE CURVES
1 A 8 4 G D € £

0400000E 00 0+10000€ 01 0s10000€ 01 0«00000E 00 04000C0E 00 G+ 10000E 01 0410000E 06
0410000E 01 0.61B0O0E 00 0+10000E 01 0415699E~01 0e77283E=01 0499800E 00 0410000E 06
0499999E 00 Oe16180E€ 01 Ds10000E Q) Qs 4B563E=02 0e94247E~02 0s99800E 00 0 16000E 06

W

®  0s400000E 05
- As  (492B847E 00 P= =0e21801E 02 PrW= =0e15139E=05 D= 0¢13720€=05
=2 Ax  0e11374E 01 Ps =0s1l4619E 02 P/W= «0410152E~05 0=  0el3640E~05
= 3 A= 04940428 00 Pe ~0437396E 02 P/We =0425969E-05 D= 0s26414E=05
AT=  0499316E 00 PT= «0273817€ 02 PT/Wn «0e51262E=05 DTa  0s53775E~05

FREQ
1

= 0+500000E 05
L] A= 0489442E 00 Pa =0+26565€ 02 P/vis =0e14758E~05 D= 0s12732E=05
1 =2 A= 0012264 01 Pz =0s20165¢ 02 P/Wm ~0s112023E~05 D= Us17440E=05
= 3 A= 0.90357€ 00 Px =0+4689€E 02 O/H= ~0e26053E=05 Or  0426299E~05
AT»  0,99117E 00 PTe =0493627E 02 PY/w=s =0e452015E~05 DT=  0456471E~05

FREQ .*» 0.600000€ 05
1 =1 A= 0e85749E 00 Pe «0430963E 02 P/Ws =~0¢16335E-05 D=  0411702E-05
1 =2 Az 0s13430E 01 Pa =0427411E 02 P/Hx «0s12690E~05 b= 0423199E~05
1 =3 Ax  0.B5679E 00 Pu «0,56279E 02 P/ym ~0s26055E~05 Om  0425751E-05
AT= .0.98677E 00 PTx =0e11465€ 03 PT/W= ~0¢53081E-0% DT=  0s60653E£~05

FREG = 04700000E 05
= A® 0481923 00 Pa «0434992E 02 P/we =04,13885E-05 Om  0,10681E~05
1 =2 A= 04164830E 01 P= ~0s37178E 02 P/Wn «0414753E=05 D= 0031510€=05
1 =3 A= 0.80156E 00 P= =0265378E 02 P/We ~0425943E=05 D= 0e24717E=05
AT= 0,97384E 00 PTs =0s13754E 03 PT/Ws =00545835-05 DT=  0466909€=05

FREQ = 04800000£ 05
1= A= Q.78086E 00 P= ~0.38659E 02 P/Wz ~0413423E=05 D® 0e97045E=06
1 =2 Az 0Qe16185E 01 Pm =Ds50358E 02 P/W= =0e17485E=05 D= 0.41861E=05
1=3 Ax  D.74052E 00 Px ~0474023E 02 P/vs ~0e25702E=05 Ce  0422244E=05
AT=  0493594E 00 PTx ~0s16304E 03 PT/ws =0e56611E=05 DT=  Qe74810E=05

FREQ = 0s900000E 05
1 =1 As  0474329€ 00 P =0,41987E 02 P/Wm =0.12959E~05 D=  0.87931£~06
1 =2 As  0»16805E 01 Pu =0.6710E 02 P/Ww =Ce2071CE=05 D= 0¢50259E-05
1 =3 A= 046T7693E 00 P» =0e82077E 02 P/va =0425332E~05 D= 0a216460E=05
AT=  0,84556E 00 PT=s «0.1911€E 03 PT/¥= <0,59001£=05 DT= G.80512E~05

FREQ ~ D04100000E 06
1 A= 0.70710E 00 Pe =0.45000E 02 P/Wm =0a1250QE~05 D= Q.795776~06
12 A= 0s15943E Ol P= '=0485501E 02 P/W= =0e2375CE~05 D= 0¢50222E=0%
=3 A Oe61382E QO Pn «0e89456E 02 P/Wn =0¢24848E~05 D= 0e19520E~05

AT=  0.69204E 00 PTw ~0e21995E 03 PT/Ws =0s81099E=05 ODT= 0.77T00E~05

Freure 6-18.—Sample output of program MLY for a fifth order lowpass Butterworth
filter
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ACTIVE FILTER SYNTHESLS PROGRAM ML 7

SECOND ORDER BUYTERWORTM BAND=PASS FILTER HIGH GAIN
LOW=PASS SECOND ORDER FILTER RETWORKS
=1
B = 0458734L 00 F = 0+62950E 0% W = 04395526 06 FLIM = 0462394E 06
K @ 0.99800E 00 RO » 015000E 02 RG = 0+20000E 02 CA » 0s10000£~10
Rl » 0,13728E 04 R2 = 0e95659E 03 Cl = 0082000E~08 C2 = 0e55999E-09
KMIN a Q.98083E 00 KMAX = Qs11149E 01 ROMAX @ 0s16818E 02 C2M = 0,58431E=09
BCAL = 04587358 00 A = 0e99999E 00 20 = 0el12089E 03 ZIN = GaT2593E 03
Rl = X1 + 21 & X1 + SORTL X1#82 = Y} )
X2 & 0e116)1E Ok 21 = De23169E 03 Xl##2 = Q413481E 07 Y1l = Cel12945E 07
RZ ®= X2 =22 = X2 = SQRT{ x2#4#2 =« Y2 )
X2 = 0411949E 04 22 = Qs23836E 03 R2442 = 0414279E 07 ¥2 » 0e13711E 07
HIGH=PASS SECOND ORDER FILTER NETWORKS
I =2
B = 0.58736E 00 F = 0433360€ 05 W = 0s20960E 06 FLIM = 0e61044E 02
K = Ca9980C0E 00 RO = Qe15000£ 02 RG = 0460000E 02 CA = 0+10000E~10
R1 = 0s21336E 04 R2 = 0e32562E 05 €l & Ge56000E~09 €2 = 0056000E-0%
K¥EIN = 0s9BOB3E 00 KMAX * Qelli49£ O1 ROMAX » 0427799E 03 CMIN ® 0.28298E~0%
BCAL » 0458735E 00 A = 0410000€ 01 Z0 = 0411232E 03 ZIN = 0e43706E 04
Rl = X1 + Z1 = X1 + SQRTU Xiw##2 =~ Y} )
X1 ™ 0612214E 0% 21 = 5e91218E 02 X1#e2 = 0414919E 07 Y1 = 0465989E 08

R2 = %2 .= 22
X2 0+32620€ 05

42 = 0457537E Q2

FILTER RESPONSE CURVES

1 A 8 <

1 0499999 OC
2 0100008 01

0.58736€ 00
0+58736E 00

0410000 01
¥»10000E 01

FREQ = 04+100000E 05
1 =1 Aw 04101898 01 Pm =0»50239€ 01 P/w=
=2 As  0s93267E-01 Pa  0s16870E 03 P/w=
AT=  0495034E=01 PT2 0s16367E 03 PT/we

FREQ = 04200000E 05
1 =1 A= 0s10858F 01 Pu =0.10837E 02 Piw=
1= 2 A 0s473118 0O P= 0.,15102€ 03 P/Wa

AT=  0.51373f 00 PTs 0.e14018E 03 PT/w=

FREQ = 0.300000E 05
1 =1 As  0.12115€ 01 P= =0+18575E Q2 P/um
1 =2 A=  0413851F 01 P®  0.10979E 03 P/We
ATe 0s16781E 01 PTa ‘0e91218E 02 PT/um

FREQ = 04400000E 05
1 =1 Ae  0as16134E 01 P= =0e30263E 02 P/wm
1 e 2 Az 0416682E 01 P= 0458052 02 P/wWs
ATs 0423580 01 PTw  0427788E 02 PT/Wn

FREQ = 04500000VE 05
1 =1 Az 0s16677E 01 Pm =0s49416E 02 Plu=
1 =2 A= Qel4lesg O1 P=  0e35163f 02 P/W=
ATe 0423623 01 PT= ~0e14253E 02 PT/u»

0+ 600000E 05

Azt 0.17444E 01 P= =0,78028E 02 PIv=
1 =2 A= 0412591E O1 Pe  0425241E 02 P/Yn
ATs  0421965€ 01 PT= =Da52786E 02 PT/Wn

FREQ =
1=

FREG .+ 04700000€ 05
11 Aw  0¢14201E 01 P= =0410676E 03 P/us
1 =2 A= 0.11705E 01 P=  0s196859E 02 P/w=
AT=  0416623£ O} PTe =0+86904E 02 PT/w=

FREQ = 04800000E 05
1= As  0,10153¢ 01 P =0412588E 03 P/We
1 =2 Az 0s11166E 01 P=  0416470E C2 P/yin
AT=  0e11349E 01 PTs «~0e10941E 03 PY/vws

FREQ = 0s9000C0E 05
1=1 A= D.73069E 00 Ps =0e13711E 03 P/
1 a2 A= 0410815 01 P Celal26E 02 P/
ATr  D479027E 00 PT= -0e12298E 03 PT/Wa

FREQ * 04100000E 06
1 =1 Ax  0454351E 00 P= =0414396E 03
1=2 A= 0410872€ O1 P=  0012398E 02

<) o E
0410492E=01 044B649E=-01 Q+99800E 00
0s9621%E 00 0417606E=02 0+00000E 00

~0s13955£=05 D= 0s14644E~05
0e46861E~04 D= 0034566E=05
0ate5466E=04 DT= 0¢49210E~05
=Qe15052E~05 D= 0418154E=05
04 20975E=04 D=  0.71068E=~05
Ce19470E=04 DT= 0s89203E~05
~0e1T199E=05 D= 0a25720E-05
0s101656=04 0= 6049E=04
0e84660E=05 DT  0s18621E=04
=0s21016E-05 Ds  0e40883E=05
Qs#403]13E-05 D= 0e99287€-05
0s19297€=~05 DFe  0s14017E=04
“Qs27453E-05 D= 0467178E~05
0e19535E=05 Da  0e39029E~05
“0e791B3E~06 DT= '0»10620E-04
=0436124E=05 D= 0+B6BOGLE=05
0s11686E=05 D= Qs19393E-05
=0a2443BE=0S DT=  0s10620E~04
~0s42366E~05 D= 0467551E=05
0 78BOGE~D6 D= 0411538E~05
=004 34485E=05 DT» .0s79089E~05
~0e43T708E=05 D= 0e40220E=05
0e57189E=06 De 0.76891E-06
-0437989E~05 DT=  Ce&7909E~05
~0e42319E=05 O  Qea23872E-05
De43599€ D= Ge55
~0437959E~Q5 OT= .0+29392E-05
D=  0415067E~05
2 344640E-06 D= QehlT4TE=06

£

0+62950E 05
Cs33360E 05

AT= 0e57677€ 00 PTe =04131568 03

Figure 6-19.—Sample output of

!
PT/Hm =0236546E~05

program ML7

Butterworth filter

DT=  0el9241E=05

for a second order bandpass
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The program also can be used to determine
the sensitivity of a network to a change in one
or more of its component values. Any com-
ponent can be made to deviate a specified per-
centage by properly choosing its temperature
coefficient along with a temperature change.
The response curves of the network are ob-
tained for each of the component value devia-
tions. By comparing the response curves for
each case, the sensitivity can be determined.

Operation

To use MLS, the input data cards are pre-
pared in the format shown in table X.

The data on card 1 are fixed-point numbers,
and all other input data are floating-point
numbers. The capacitor values are more con-
veniently expressed in exponential floating-
point form. As an example, 100 picofarads
would be expressed as 1.0E-10 or 100.0E~12.
When this form is used, the number must end
in the last column allocated for the parameter.

The temperature coefficients of the com-
ponent values are specified in units of per-
centage of change per °C. This value can be
related to units of parts per million (ppm),
which is another common means of specifying
temperature coefficients. For example, 200 ppm
equal 0.02 percent/°C.

The temperature is entered in wunits of
degrees Celsius. Both the temperature and the
temperature coefficients can be entered in
either positive or negative values. If the
temperature coefficients are negative, they
should be entered as negative values.

The subroutines called by this program are
TEMP and CARSP.

Ovutput Format

Three samples of the computer printout for
this program are shown in figures 6-20 through
6-22. The input parameter values are for a
second-order, bandpass Butterworth filter hav-
ing a bandwidth of 40 kHz at a center frequency
of 45.826 kHz; the values were obtained from
the sample printout of figure 6-19. The tem-
peratures specified for these three examples are
25° C, —40° C, and 125° C as shown on the
printouts.

The input data are printed out first. The

TasLe X.—ML8 Input Data Card Format

Card Parameter Columns
No. 1 No. of L.P. 1st Order Networks 4 and 5
No. of L.P. 2nd Order 9 and 10
Networks
No. of H.P. 1st Order 14 and 15
Networks
No. of H.P. 2nd Order 19 and 20
Networks
No. 2 Temperature (°C) 1-10
No. 3 R g (ohms) 1-10
Ro (ohms) 11-20
K 21-30
C, (farads) 31-45
F (Hz) 46-60
No. 4 R; (ohms) 1-10
R; (ohms) 11-20
C, (farads) 21-35
C, (farads) 36—-50
No. 5 Temperature coefficient of B; 1-10

(% change/°C)

Temperature coeflicient of B, 11-20
(% change/°C)

Temperature coefficient of C,; 21-30
(% change/°C)

Temperature coefficient of C; 31-40

(% change/°C)

Repeat cards 3 through 5 for each of the
other networks. The networks should be
entered in the same order as shown on card 1.

Response  Maximum frequency (Hz) 1-10
card Minimum frequency (Hz) 11-20
Frequency step (Hz) 21-30
Amplitude scale factor 31-40

Blank card

component values and the temperature coeffi-
cients of each network are printed out in the
order entered. The temperature coefficients of
R, R,, Oy, and O, are listed as PR1, PR2, PC1,
and PC2. The nominal reference temperature
at which the temperature coefficients have no
effect is 25° C.

The filter response curves are calculated
from the coefficients of the network voltage
transfer ratios, which have the general form of

E,. GS*+DS+E
E. AS™+BS+C




ACTIVE FILTER SYNTHESIS

TEMPERATURE DEPENDENT FILTER RESPONSE PROGRAM

MLS

INPUT DATA

LP 1ST ORDER = 0O
HP 1ST ORDER = O- |

LP 2ND ORDER = 1
TEMP = 0425000€ 02

RG = 0e¢20000E 02 RO = 0015000 02 K .= Us99800E 00 CA = 0410000E=10 F = 0462950 05
R1 = 00137308 06 _R2 = 0495660E, 03 €1 » 0.82000E=08 C2 = 0456000E~09
PR1 = 0+50000E-01 PR2 ® 0450000E=01 PCL = 0¢10000E 00 £C2 = 0+10000E 00
RG = 0460000 02 RO ®» 0415000 02 K = 0.99B00E 00 CA = 0410000E=10 F ® 0s33360E 05
R1 = 0.21336E 04 R2 = 0+32560E 05 Cl = 0456000E=09 C2 = 0+56000E=09
PR1 = 0450000E-01  _ PR2 = 0450000E~01 PC1 = 0410000E 00 PC2 = 0«10000E 00
FILTER RESPONSE CURVES T T o T s e mm T
1 AT N < G o ) € TR T

1T 5.10001E 01
2 0499983E 00

= "04100000E 05
'

0+58740€ 00
0»58733E 00

01

- 0496197E 00

TGe10000E 017 De10452E=01 T
«10600E 01

9800E 00~ 0eb2950E 05
+00000E 00 0e3336UE 05

0417606E~02

A 0410189E _P/Y™_=0413956E~05 = 0s146456=05
=2 A= 093264E-01 R/Wn' 0s46B61E~04 = 0e34563E<05
- AT=_ 0e95011E=0L  PT= 0¢16367E 03 PT/We 0,45466E=04 DT= 0+49209E=05 -
FREG = 04200000E 05
. L= 1 A= 0.s10858F Ol __ Px =0¢10838E 02 _ P/Wa_~0¢15053€-05 D 0018156E~08 o
I=2 A=’ 0e47297E 00 Pa 0415102E 03 P/Ws 0020976E~04 De "0a71034E=05
L ATs_ 0e5135%E 00  PTw 0.14019E 03 PT/Wm 0e19470E=04 DT 0e89191E~05 e
FREQ = 04300000€ 05 - °
oo b=l o Aw o 0412115E 01 Pm =0,18577E 02 P/Wm =0,17201E€-05 D= 0e257328~05
1=2 A= 0413847€ 01 Pe’ 0+10980E 03 P/vm (0410167E=04 Ds* 0416045E=04
_ AT= 0s16777€ 01 PT® 0e91228E 02 PT/We -0sB44TOE~DS OT= 0418519E=~04 - e
FREQ * 0s400000E 05
o b=l Aw 0414135€ 01 P= =0430267€ 02 P/We =0e21019E€=05 D= 0¢40892E~05 [ _
=72 A= 0e16682E 0 P= " 005B064E 02 B/Ws  0e60322E=05 D= 0e99309E-05
AT= 0423580 01 PT= 0e27797E 02 PT/W= 0419303E=05 DTs 0¢14020E=04 . o
FREQ » 0+500000E 05
1 m i A= 0s16678E ~0249425E 02 P/Wm =0427458E=05  D» 0e671936=05
a2 A= T0414164E 0+35170E 02 P/4=  0219539E=05 D= 0e39039E=05
ATz 0423623E =0016254E 02 PT/WE ~0s70191E=06 ODT= 0010623E=04
FREG = 0.600000E 05 -
1=1 A= 0417443E 02 Pe =0.78041E 02 P/Wn =0436130E=05 D= 0486812E~05
1=2 A= 0412591 01 Px" 0425246E 02 P/We  0411688E=05 D= 0419398E~05
AT= 0621963E 01 PTa =0052795E 02  PT/We ~0424442E=05 DT= 0¢10621E=04
FREQ = 04700000E 05 - -
1m1 A= 0414199 01 Pm =0410677E 03 P/Wm =04423T1E=05 D®  0a67541E=05
{8 277 7 A=’  0011704€ 01 bs  0.19862E 02 B/We" 0.78819E=06 ° ~ Da  (G11540E=05 T T T
ATs 0416620E 01 PTa =0¢86912E 02 PT/Wa =0434489E=~05 DT=  0479082£=05
FREQ = 0.800000E 05
. 1L =1 A= 0410181E 01 Px =0412588E 03 P/We =0443711E=05 D=  0e40211E=05
1= 2 As 0411186E 0) Be” 0s16473E 02 P/we’ 0057190E~66 D% 0e76905E~06 T T T T T
AT= 0411346E 01 PTa =0.10941E 03 PT/We ~0¢37991E~05 DT= 0447902E=05
FREQ = 04900000E 05
T =1 _ As 0473055E 00 Pw= =0.,13712E 03 Prum =0e642321E~05 0423866E=05 = -
a2 Ax "0410814E 01 P= 0¢14128€ 02 P/Wn 0e43606E=06 0455216E=06
AT= 0,790088 00 PTa =0¢12299E 03 PT/W= <0,37960E~05 DT= 0,29388E=05 :
FREQ » 0+100000E 06
1 =1 A= 0.54542E 00 Pw =0¢1439TE 03 P/Wi ~0e39991E=05 D= 0e15064E=05 R
=2 A= 704105726 01 Pu 0012400 02 P/Ws  0s34645E=06 D:  0441754E=06 -
ATe 0457663€ 00 PTs =0013157E 03 PT/W= =0,36547E=05 DT= 0e19239E«05
FREQ = 0s110000E 06
1 s _Aw 04622328 00 P= =0.14841E 03 B/Wn «0437478E~05 D= 0410UT2E~05
1=72 An' 0410397€ 01 P=  0411068E 02 P/Wa’ 0427951€E~06 D= 0+32793E=06
ATm 0443912E 00 PTm =0s13734E 03 PT/We =~0434683E~05 DF= 0.13351E-05
FREQ ® .04120000E 06 .
1w Ax  0433689E 00 Pe =0415145E 03 P/Um =0435058E-05 D=  0s70293E-06
P=2 A= 0410267 O1 #=  0410007E 02 P/ 0a23165€~06 Us  0s26506E=06
AT® 0436591 00 PT= =0s16164E 03  PT/We =0432742E=05 OT= 0.,96800E=06

Ficure 6-20.—Sample output of program MLS showing
filter at 25° C

response curves of bandpass
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TEMPERATURE DEPENDENT FILTER RESPONSE PROGRAM

INPUT DATA

LP 1ST ORDER = 0
(HP1ST ORDER = 0

LP 25D ORDER # 1
oo HP_2ND ORDER = 1

¥ 0e15CCUE 02
0¢95660E 03
0+50000E=01

RG = 0420000 02 "RO =
Rl = 0413730 04 R2 =
PR1 = 0450000€~01 PR2 =
RG = 0s60000E 02 RO =
R1 = '0421336E 04 R2 -
PRL = 0¢50000E=01 PR2

T TFILTER "RESPONSE

A

00150G0E 02
0e32560E 05
= 0¢50000E=01

i 0+82053E 00
2 . _0e80736E 00

Ce53246E G0
0453485E 00 __

FREQ «  0¢100000E 05
PO . A= _0010151F 01  P= =0,45216E
T»2 A= 0473946E-01 f»  0.16976E
- __.AT= __0.75065E~01 PTw  0416526E

FREG ® 04200000E 05
o lel Ax _0s10692E 01 Ps -0e962028
1=72 0435742 00 B2 0415548€
ATw  0438217E 00 _PT= 0s14586E

FREG = 00300000E 05
d.m 1l A 0,11688€ =0+16074E
A= Oe 2567E
_ATE _0412344E 01 PTe 0.10960E

FREQ = 04400000E 0%
=1 A= 013275E 01 Px =0425173E
=72 A= 0.16882€ 01 Pm DeT5BZ6E
AT= 0422359 01 PTm 0450653E

FREG = 0+500000E 05
1= o1 «0¢39160E
1= 2 ol Ovbta9zE
01 PTs 0453318E

FREQ = 04600000 05
1 =1 A= 0.17453E 01 P2 =0460853E
1%2 A= 0413348F 01 be  0.30763E
AT® 0423298E 01 PT= =0+30089E

FREQ = 04700000 05
1 =1 A= 0416688E 01 P =04¢88480E
Tl & FTT Am 0e13221£ 017 P= 0e23657F
ATm 0420395 01 PTm =0464822E

FREQ = 0¢B0OO00E 05
P=1 A= 0413126 03 P= =0411230F
T 277 Ae” 041152267017 P2 0419245E
. ATm 0s15138E 01  PTs =0s92960E

FREQ = 0s90000GE 05
I=1 0296395€ 00 = P» ~0412785E
w2 A=’ 0110858 01 Px  0e16438E
AT= 00106868 01 PT= =0e11142E

FREQ = 0s100000E 06
1= 1 _ A= 0s71711E 00 Pe =0413745E
1= 2 A= 70410778 61 Px  Da16336E
ATe Qs77296E D0  PT= =0,12311€

FREQ = 0+110000E 06
1= 1 A= 0e55056E 00 Pr =041636CE
1 =2 A= "'0410558¢ 01 Pe  0412738E
AT= 0058133 00 PT= =~0413085E

FRED = 0412000CE 06
I =1 A= 0443561E 00 P® ~0416774E
1 =2 A= 0.10395€ Ol Pa  Gall477E
ATa 0,45284E 00 PTe =0413627E

G+10000E 01
0410000E 01

o1

03
03

0z

0z
02

02
02
o1

0z
02
02

02
02
02

03
02
02

03
02
03

03
02
03

03
c3

a3
62
03

B Y

AL

_ PT/ue

BLZAE]

K = 0+99800E 00
€1 = 0.82000E~08
BC1 = 0410000E 00

_ K = 0499800E 00
€l ® 0456000E=09
PC1 = 0420000E U0

. G

P/m
PT/vn

De47162E=04
00 45906E=04

P/us
B/um
PT/um

=0013361£=05
0421595604
04 20259E~04

=0414883E~05

P/um 0s11636E=04

R4
Piwe
PT/Wn

0e52657E=05
0035176E=05

P/va
P/un
PT /W

“0021755E=05
0424717E=05
0229621E~06

P/us
Plus
PT/Wn

~0e28173E=-05
Del4242E=05
~0413930E=05

P/We =0435111E=05
De93878E=06

PT/wWm ~0425723E~05

P/us
P/un
PT/ue

~0438994E-05
0467171E706
-0432277E-05

P7u=
P/
PT/u=

0450737E~0CE
~0¢34388E=05

P/us
P/m
PT/v=

~0e38181E=05
0439823E=06
~0e34199E=05

P/vie
Pld=
BT /W=

«0s36263E~05
0e32167E=06
“0s33066E«05

P/am
P/us
PT/ws

=0¢34201E~05
0e26568E=06
=0431544E=~05

0e87990E=02 ~
UaTT454E 00

~0412560E=05

0el0148E=04 _

~0417481E=05 _

~0439662E=05

mL3

TEMP_==0440000E 02

0+10000E~10
0456U00E~09
0+10000E 00

0¢10000E=10
0e56000E-09

b

TOeu548TE~DL T
0416462E=02

D= _ 0e13069E-05
Ge29765E=05
DT=  0e42834E~05

D»  0415603E=05
0453985E~05

D=  Ue69589E=05

0e20827€=05
0¢11976E~04
0¢14059E=04

. 0#30747E=05
0412606E~04
0el5681E~04

Co4BGTTE~D5
0e54984E=05
0e10346E~04

0e71709E=05
0e26128E=05
0e97838E~05

Os76125E~05
0+14903E=05 -

DT=  0491029E~05

0+54335E=05
0e96355E=06
0+63971E=05

D=

DT

D= 0433505E~05
0267710E=06

DT= 0s40276E=05

De  0+2097BE~05
0e50409E=06

DT= 0e26019E=05

Ue13B25€-05
0e39131E~06
Qe17738E~05

De
OT=
Ue99533E=06

Ge3134RE~06
0s12688E«05

D=
D
DT=

0410000 O

F = 0233360 05

E TR T

0.95800E 00 0462950E 05
0400000E 00

. 0033360E 05

Firaure 6-21.—Sample output of program ML8 showing response curves of bandpass filter

at —40° C



ACTIVE FILTER SYNTHESIS

TEMPERATURE DEPENDENT FILTER RESPONSE PROGRAM MmLS

INPUT DATA

LP 1ST ORDER = O LP 2ND ORDER = 1 )

HP 1ST ORDER = 0_ HP 28D ORDER_ = 1_ .. .. _TEMP ‘= 0412500€ 03 o

RG = 04200006 02 RO = 0+15000E 02 K '« 0499B00E 00’ CA = 0410000£=10 F = 0e62950E 05
. Rl = 0s13730€ 04 R2 » 0+95660E 03 = €1 = 0+82000E=-U8 €2 = 0456000E~UY

PR1 = 0450000£~01 0¢5G000E-01 PC1 = 0410000 00 BC2 » 0410000E 00

RG = 0.60000€ 02 RO = 0415000E 02 K = 0e99800E 00 CA = 0410000E=10 F w 0433360E 05

R1 ® 0021336E .04 R2 = 0432560F 05 €1 = 04560G0€-09 €2 = 0456000E~09

PR1 = 0y500UQE-01 _  PR2 = 045000GE-01 . BCl = 0,10000E 0Q PC2 = 0410000E U0

“FILTER RESPONSE CURVES ™™

1 A "B < - G ] € ) F

177 70,13Z95E G177 T0.67191E 00 T T0s10000E 017 T 0413096E=01" T 04535146E=01 T T 0998UGE G0 062950 05
2. 0e12959E 01 0466808E 00 04100008 01 0e12503€ 01 0e19367E~02 0sOOVOOE 00 0¢33360E 05

041000068 05

N
~oLml  Am 0410261 0L P= =0.58142€ Ol P/We ~0¢16150€-05 Qel7214E~05 P
= A= 0,12401E 00 B= 0,16693E 03 P/Ws  0046370E=04 Ge42533E=05
AT®  0,12724E 00, PTs ‘0s16111E 03 PT/We 0e44T55E~04 0459 747E=05

04200000E 05

FREQ =
L.-Ls 1l A 0,11178F 01 __ P= =0,12873€ 02 = P/W= ~0,17880E~05 D= 0.22870E-05 . S
=2 A® 0.67307E 00 P= 0414299E 03 P/We 0s19859E=06 D= 0é10459E=04
AT® 0475239E 00 PT= 0423011E 02 PT/We 0s18071E~04 DT= 0a12745E=04
FREQ ® 04300000F 05
1= 3 Ax 0412960E Q1 Pm ~0+23174E 02 = P/We =0e21457€=05 D= 0036133E=05 e
t=2 A= 0416776E 01 P= 0.85330E 02 P/Wm 0, 79009€=05 D Us17960E=04
AT=  0,21743E 01 PTe 0462155 02 PT/We 0s57551E=05 DIw 0s21573E=04
FREQ = 0.400000F 05
ceod o m 1 A= 0615768E Ol P= =0440707€ 02 ~ P/Ws =0,20269€E~05 = D= . 0s64415E~-05 [
12 A= T'Gy15264E 01 «22788E 02 P/Ws  0e29714E=05 De 0465755E=05
AT® 04264069E 0L PTs 0420808E 01 PT/We 0416650E=06 0T= 0013017E~04
FREQ = Gs+500000E 05
1= 1 A= Gs17769E 01 _ Pe ~0470732E 02 P/Ws =0439295E~05 D=  0+99112E=05
1«2 Am 04130178 01  Pw 0e27591E 02 P/iWm  0415328E=05 D=  0e26745E=05
ATa. 0423131 01 PTw =0s43140€ 02 PT/We ~0423966E~05 DT= Cel2585E-04
FREG ® 04600000 05
I=1 As 02146658 01 Pa =0410501€ 03 P/WE ~0448620E=05 D® 0481330E~05
122 A= 0,11B58E Ol b= 042057BE 02 Prim  0395269E~06 D= 0014202E=05
L AT= '0417389E 01 PT= =0484441E 02  PT/We =0439093E~05 OT= 0s95533E~05
FREQ » 047000D0E 05
1e1 A®  0a99715E 00 Pa =04)12729E 03 P/lis ~0450512E=05 D& 0s44T4IE~05
TUT e 2777 AR 0411211E 03 P=  0416545E 02 P/im  0s65658E=06 D= 0488479E=06
ATm 0s11179E 01 PTe =0+11074E 03 PT/Wo =0+43946E=05 DT= 0e53591E=05
FREQ = 0+800000E 05
1= Ax  0468467E 00 Pr =0413935E 03 P/Wn ~044838BE~05 D= 0e24701E=05
I'=2° "he' Cal08iE701 Pr 00139U6E 02 =~ P/We 0.48287E=U6 D= 0s60819E~06
ATs  Q4T4046E 00  PT= ~0412545E 03  PT/Wm <0443559E-05 DTm 0e30783E~05
FREQ = 0e900000F 05
1= 1 Ae 049502E 00 Dx =0414627€ 03 P/Wm ~0e0516TEOS D= 0e14B45E=05
I=2 A= 0410553 01 P=  0412032E 02 P/Um  0e37137E~06 D& Ue44b19E=UG
ATs  0452244E 00 PTe =0413424E 03 PT/W» ~0e414336<05 DT= 0.19306E~05
FREQ » 0¢1000NCE 06
1 =1 A= 0437462E 00 Pe =0415058E G3 P/Ws =~0¢41828E=05 D= 0s95750£=06
12 A= 0410372E 01 Pr 0410625E .02 P/W®  0e29514E-06 o= 427UE=06
ATs  0e38856f GO PTa =~0413995E 03  PT/We =0+38B8T7E=05 DTw Cel3GU6E=05
FREQ = 0a1100C0E C6
1 =1 A= 0.29371E 00 Pe =0415343E 03 B/Wm —0438705E~05 D= Qsu4BTLE=D6
=2 As  0410261E 91 P=  0495257E 01 P/WE 0e26054E~06 D= 3e2722RE=06
AT= 0430078 00 PTe ~0s1439UE 03 PT/Wm =0436339€=05 DT= Ue92099E~06
FRED =  0s120000E 06
1 =1 A= 0s23661E 00 Px —G415538E €3 P/Wm =Ce35969E=05 D= Get5216E~06
1 =2 A= 0.10142E 02 o= Q.BE4UTE O1 P/wm  0s20001E~U6 D= 0,22202E~06

AT= 3e23998E 00 PTa =0elb674E C3 PT/4s =~0e33969E~05 DTa  0s67419E=06

FIGURE 6-22.—Sample output of program MLS8 showing response curves of bandpass
filter at 125° C
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where S=7(w/w,), and where w, is the natural
frequency in radians per second. Coeflicients
A, B, C, G, D, and E are printed out for each
network along with its natural frequency F in
hertz.

The response curves are calculated for each
network from the lowest frequency of interest
through the highest frequency of interest. The
symbol representation used is

A=Amplitude,
P="Phase angle in degrees,

P/W=Time delay in seconds,

D=Group delay in seconds.

AT, PT, PT/W, and DT are the total re-
ponses of the combined networks.

The change in the network coefficients for
the changes in temperature can be observed
by comparing the coefficients shown in the
three sample printouts. The temperature co-
efficients for the examples were chosen at 0.05
percent/° C for the resistors and 0.1 percent/° C
for the capacitors. These values are high but
were chosen for demonstration purposes.

For the 25° C curve, the amplitude values
at the cutoff frequencies of 30 kHz and 70 kHz
are equal, as they should be. For the —40° C
and 125° C curves, the amplitude values are
seen to be quite different.



SECTION 7

Selection Charts

Figures 7-1 through 7-28 give the filter Figure Attenuation/delay
selection charts and group delay calculation 7-12 26 db
charts. The following chart listing is given ;‘3 gg gg
here for reference. 7-15 39 db

Figure Attenuation/delay 7-16 34 db

7-1 4 db 7-17 36 db
72 6 db 7-18 38 db
7-3 8db 7-19 40.db
74 10 db 7-20 45 db
7-21 50 db
7-5 12 db
o 14db 7-22 55 db
7--23 60 db
i 16 db 7-24 70 db
-8 18 db 7-25 80 db
-9 20 db 7-26 Delay at 0
7-10 22 db 7-27 Delay at 1
7-11 24 db 7-28 0-db ripple equivalent frequencies

43
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Equivalent Frequency

Filter selection chart, 4 db attenuation

Ficugre 7-1.
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SELECTION CHARTS
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ATTENUATIONS (DB)

SELECTION CHARTS

ORDER

2 3 4 5 6 7 8 9 10 11 12
4 1,109} 1.071] 1.012] 1,042 1,035 1,030} 1.026] 1.023| 1,021} 1,019} 1,017
6 1.314 | 1.200| 1,146} 1.115] 1.095] 1.081] 10,71 1.062] 1.056] 1.051| 1,046
8 1.518 | 1.321| 1.232] 1.182| 1,149} 1,127| 1.110] 1,097| 1.087 | 1.079| 1,072
10 1.732| 1.442] 1.316] 1.246] 1,201| 1.170{ 1.147] '1.130] 1.116| 1.105] 1,096
12 1.963| 1.568{ 1.401 1.310| 1.252) 1,212 1.184] 1.162| 1.144| 1.130] 1,119
14 2.216| 1.700) .1.490] 1.375] 1.304( 1.,255| 1,220f 1,193| 1.172| 1.156| 1.142
16 2,496 | 1,840| 1.580| 1.442] 1.356| 1.299| 1.257]| 1,225] 1.201] 1.181 1.‘165
18 2.;807 1.990| 1.675| 1.511| 1.411| 1,343 1,294] 1,258} 1,228] 1.206) 1,188
20 3.154| 2.151{ 1.776| 1.583] 1.466| 1,388) 1.333] 1.291| 1,258| 1.232| 1,211
22 3.542| 2.324| 1.882( 1.658| 1,524 1.435| 1.372) 1.324] 1.288| 1.258| 1,235
24 3.977] 2.510| 1.994] 1.737| 1.584| 1.483| 1.412] 1.359| 1,318} 1.285| 1,259
26 4.464| 2,711| 2.113] 1.819( 1.647{ 1,533] 1.454} 1.394] 1,349] 1,313{ 1,283
28 5,010{ 2,928] 2,238} 1.905{ 1.711] 1,585| 1.496} 1.431] 1.380] 1.340{ 1,308
30 5.622| 3.162] 2.371] 1,995{ 1.778] 1.638] 1.540| 1,468] 1.412] 1.369] 1,333
32 6.309 3.414] 2,512 2.089) 1.848] 1,693 1.585] 1.,506] 1.445{ 1.398| 1,359}
34 7.079} 3.687] 2,661 2.,188| 1.,920f 1.749| 1.631| 1.545| 1.479| 1.427] 1.386
36 7,943 3.981] 2.818f 2.291) 1,995 1,808 1.679] 1,585} 1,514 1.457{ 1,413
38 .8.912 4.209| 2.986| 2,399 2,073 1.868] 1.728] 1,626 1,549] 1.488] 1.440
40 10,00 4.642| 3,162 2,512 2,154 1.931) 1,778] 1,668 1,585] 1.520] 1.468
45 13.33 5.623) 3.652] 2.818| 2.,371] 2,096 1.911] 1.778] 1.679| 1.602f 1,540
50 17.78 6.813} 4,217} 3,162 2,610] 2,276 2.054] 1.896] 1,77 1.688] 1.616
55 23,71 8.254] 4.870| 3,548 2.873 2,471} 2.207| 2,021 1.884] 1.778| 1,695
60 31.6 i0.00 5.623) 3,981 3,162 2,683 2.371] 2,154} 1.995| 1.874f 1.778
70 56,23 14.68 7.500| 5.012] 3.831 3,162 2.738| 2,448/ 2.239] 2,081} 1.957
80 ]100.0 21,54 | 10,00 6,310] 4,642 3,728 3.162| 2.783] 2,512 2,310] 2,215

(A)

Fiaure 7-28.—(A) Zero ripple equivalent frequencies for various attenuations and
(B) Zero ripple delay at equivalent frequencies of O and 1 for various order

filters
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ORDER DELAY AT 0 DEIAY AT 1
2 1.41 1.41
3 2.00 2.50
4 2.61 3.70
5 3.24 4.97
6 3.86 6.31
7 4.49 7.71
8 5.13 9.15
9 5.76 10.6

10 6.39 12.1
11 7.03 13.7
12 7.66 15.3
13 8.30 16.9
14 8.93 18.5
15 9.57 20.1
16 10.2 21.8
17 10.8 23.5
18 11.5 25.2
19 12.1 26.9
20 12.7 28.7
(B)

Fieure 7-28.—Concluded




SECTION 8

Design Examples

8.1 FILTER SELECTION EXAMPLE 1

As an example of the filter selection pro-
cedure, consider the problem of a bandpass
filter specified as follows:

Bandwidth=20 kHz

Center frequency=70 kHz

Bandpass ripple<1 db

Required attenuation=30 db at 100 kHz
and 40 kHz

Terminal impedance=1000 ohms

Good design procedure requires that the
foregoing data be carefully inspected to assure
that the requirements are reasonable and that
all the required information is given. The
foregoing specifications meet both these
requirements.

The filter selection charts must be used to
isolate the optimum filter design to meet the
given specifications. The optimum design is
the lowest-order filter that can meet the
specifications and is the most economical
selection. Use of the filter selection charts
requires evaluation of the normalized lowpass
equivalent frequency. Program ML4 is pro-
vided for this purpose. The instructions for
using program MI4 are given in section 3.4.
The list of data that must be provided to the
program for this example is as follows:

Frequency of interest—=40 kHz and 100 kHz
Data factor=—1

@ Factor=25

Configuration factor=3

Center frequency="70 kHz

Bandwidth=20 kHz

Two values are given for the frequency of
interest, and the equivalent frequency for each
of these values must be found. The program

853-813 0—69——6

must be run twice—for 40 kHz and for 100
kHz. The data factor is —1 because Format 1
Data has been chosen. For the @ factor, assume
a value of 25. This is a reasonable estimate for
circuit components in this frequency range.
The configuration factor is 3 because the filter
is to be a bandpass type. The center frequency
(70 kHz) and bandwidth (20 kHz) are de-
termined from the filter specifications. Figure
8-1 (A) and (B) give the results of the two runs
of program MI4.

The smaller absolute value of the two
equivalent frequency values is 2.55. This means
that the attenuation requirement at 100 kHz
is the most stringent. The equivalent frequency
value 2.55 must be used to select a filter design
from the filter selection charts. If the filter
meets the 100 kHz-30 db attenuation require-
ment, it will more than meet the 40 kHz-30 db
attenuation requirement.

By referring to the 30-db attenuation filter
selection chart and using the equivalent fre-
quency value of 2.55 and maximum ripple of
1 db, a rectangle can be formed as shown in
figure 8-2. This rectangle is called the region
of acceptable configuration, and any-order filter
lying inside this rectangle will meet the design
specifications. Observe that the lowest order
that falls within this rectangle is a third-order
filter.

The selection of the filter can now be made.
For this example, a third-order filter with 1-db
passband ripple is chosen. Now that the filter
has been selected, program ML2B, ML3 or ML6
can be used for the actual network synthesis.

8.2 FILTER SELECTION EXAMPLE 2

As a second example of filter selection, con-
5
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BAND PASS FILTERs CENTER FREQUENCY 0,700000E 05

_.BANDWIDTH 00200000 05

EQUIVALENT FREQUENCY =0e412500E 01

MULTIPLIER 04127627E~02

Q FACTOR = __ 04285724€ 01 .

FREQUENCY OF INTEREST

0¢400000E U5

(A)

_BAND_PASS FILTERs CENTER FREQUENCY 0s700000E 05

_ BANDWIDTH 0+200000E 05

EQUIVALENT FREWUENCY 00254999E OI

_Q FACTOR =  '0.285714€ 01
FREQUENCY OF INTEREST

0+ 100000E 06

MULTIPLTER 0e48B096E=03

(8)

Ficure 8-1.—(A) and (B) Results of program ML4 for selection example 1.

sider the problem of a low pass filter with a
cutoff of 100 kHz, no passband ripple, and at
least 20 db of attenuation at 170 kHz. Here the
normalized lowpass equivalent frequency is
1.70. The zero-ripple design chart of figure 7-28
shows that a 5-pole filter is the optimum selec-
tion for this design specification. Entering the
chart at 20-db attenuation, the first lowest
number below 1.70 is 1.583, which corresponds
to a fifth-order filter.

8.3 PASSIVE SYNTHESIS EXAMPLE 1

The filter selected in section 8.1, which was a
third-order bandpass filter with 1-db passband
ripple, is now realized with the passive synthesis
programs. Assuming that a singly terminated
network is required, program ML3 is used for
the network synthesis. Program ML2B is used
if the filter is to be doubly terminated, and ML3
is used if the filter is to be singly terminated.
The instructions for using program ML3 are
given in section 5.3. The list of data that must
be provided to the program and the values for
this example are as follows:

Filter order=3

Ripple factor=1 db

@ factor=25

Configuration factor=3

Center frequency =70 kHz

Bandwidth=20 kHz

Terminal impedance==1000 ohms

The Q factor of 25 was selected from a knowl-
edge of the characteristics of the available cir-
cuit components. The configuration factor is
three because the program is for a bandpass
filter. The output of program ML3 for the fore-
going data is shown in figure 8-3. Observe that
the flat loss for this filter will be 1.06 db.

Figure 5-5 relates the Cauer circuit elements
from the program to actual circuit components.
Figure 8—4 (A) and (B) show the final filter design
with and without tapped coils. Although the
use of tapped coils is optional, the tapped-coil
configuration is usually more convenient than
the nontapped-coil case. Note that the capaci-
tors are all the same size in the tapped-coil
configuration.

8.4 PASSIVE SYNTHESIS EXAMPLE 2

The fifth-order lowpass Butterworth (0 db
ripple) filter selected in section 8.2 is realized in
passive form. Assuming a singly terminated
network is specified, Cauer synthesis program-
ML3 should be used. The following data is
read with the program:

Ripple = 0

Order = 5

@ factor = assume 10.5

Configuration factor = 1 (lowpass)

Cutoff frequency = 100 kHz

Bandwidth = blank

Terminal impedance = 5 kilohms
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RIPPLE = 04300000 O]

THEORETICAL POLES

-04225671E 00
~02451343E 00
N ODD

0.882290E 00

BRANCH BANDWIDTH 0+280000E 04

FILTER BANDWIDTH 04200000E 05

CENTER FREQUENCY 0+7C0000E 05

cott TAP 2 RATIO TAP 3 RATIO
1. 04491622E 01 0+607178E 01
colL FCo DEF. 2 FCo DEFe 3
1 0:139605E 05 0+111835€ 05
FLAT LOSS = 0.,105774E 01

CAUER CIRCUIT ELEMENTS

I= 1 F= 06164863E=01
I= 2 F= 04115598E=~07
1= 3 F= 04108082E=01

TERMINAL RESISTANCE = 0+100000E 04

N = 3 Q= 25000003 E = 0+508847E 00

Ficure 8-3.—Results of program ML3 for synthesis
example 1

The filter schematic specified by program
ML3 is shown in figure 8-5. The theoretical
response of a 5-pole lowpass filter, obtained
from program ML1A, is shown in figure 8-6.

8.5 ACTIVE SYNTHESIS EXAMPLE 1

For active synthesis, the same lowpass filter
characteristics used in the passive synthesis of
section 8.4 were read into program ML6 with
the exception that the @ factor was assumed to
be infinite. The output data of program MLS,
shown in the sample printout of the program in
figure 6-16, were used as a guide in synthesizing
the filter with program ML7. The input data
provided to program ML6 for synthesis of this
example are as follows:

Filter order=5

Passband ripple=0 db

Q factor=0

Configuration factor=1

Cutoff frequency=100 kHz

Bandwidth=blank

The bandwidth requirement is left blank

since it is only utilized for the bandpass case.
A Q factor of zero is taken by the computer to
be an infinitely high value. A fifth-order, lowpass
Butterworth filter having a 3-db cutoff fre-
quency at 100 kHz was constructed according
to the. circuit diagram shown in figure 8-7.
The components values were obtained directly
from the sample computer printout shown for
program ML7 in figure 6-18. The input data
to program ML7 for this example are listed at
the end of section 6.3.

Without any tuning being -performed, the
measured amplitude response was found to
coincide very closely with the theoretical
response. The normalized frequency response
curves for both the measured and theoretical
responses are shown in figure 8-8. The theo-
retical phase response and group delay response
for this filter are shown in figures 8-9 and 8-10,
respectively. The data for these theoretical
response curves were obtained from program
MIL1A. These curves show the typical phase
and group delay responses for a lowpass filter.

8.6 ACTIVE SYNTHESIS EXAMPLE 2

Another active filter circuit was constructed
from the data obtained from the second sample
computer printout shown for program ML7 in
figure 6-19. The filter is a second order, band-
pass Butterworth having a bandwidth of 40
kHz at a center frequency of 45.826 kHz. The
3-db cutoff frequencies are at 30 kHz and 70
kHz. The schematic diagram of the filter is
shown in figure 8-11. The normalized frequency
response curves for the measured and theoretical
responses are shown in figure 8-12. Without
tuning, the measured response curve was
almost identical with the theoretical response.

The theoretical phase response and group
delay response for this filter are shown in
figures 8-13 and 8-14, respectively. It can be
seen that the group delay deviation is more
severe for the second-order bandpass filter
than for the fifth-order lowpass filter. The
degree of phase distortion for these filters is
proportional to their group delay variation.

8.7 ACTIVE SYNTHESIS EXAMPLE 3

The realistic network models utilized by the
active filter design programs allow filter re-
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L, €, L ¢, R,
> NN AM——0—
>
S R £
O

L 16.5 mh

t, 33 pi

L, 45 mh

C, 0116 uf

L, 10.8 mh

c, 478 pf

Ry 1000 ©

R R.A Selected to give a hranch
17273 bandwidth of 2.8 kHz

(A)

L.L,L 16.5 mh.

cp czr ca 313 pf

Ry, Ry, Ry Selected to give a branch
bandwidth of 2.8 kHz

Tap 2 Ratio 492

Tap 3 Ratio 6.07

R, 1000

(B)

Fiaure 8-4.—Cauer synthesis configurations (A) nontapped filter and (B) tapped filter
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FiGURE 8-5.~—Schematic of fifth-order lowpass Butter-
worth (passive)
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F1gURE 8-7.—Schematic of fifth-order lowpass Butter-
worth (active)

sponse curves to be realized with much greater
accuracy than is possible with conventional
network models. To demonstrate the improve-
ment in accuracy obtained with the realistic
models, a bandpass filter was designed and
constructed from both the conventional and
realistic models. Identical circuit configura-
tions and amplifier elements were used for
both filters so that the relative accuracy of
the filters could be compared. The bandpass
filter selected was one specified for use in a
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Ficore 8-8.—Magnitude vresponse of fifth-order
lowpass Butterworth (active)
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Ficure 8-9.—Phase response of fifth-order lowpass

Butterworth
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FicUure 8-10.—Group delay response of fifth-order
lowpass Butterworth
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Figure 8-11.—Schematic of second-order bandpass
Butterworth (active)
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Ficure 8-14.—Group delay response of second-order
bandpass Butterworth

constant bandwidth frequency translator for
FM systems. Because of phase distortion
requirements, the filter consisted of an eighth-
order, lowpass Butterworth in series with a
sixth-order highpass Butterworth.

The schematic diagrams for the filter de-
signed from the conventional models and from
the realistic models are given in figures 8-15
and 8-16, respectively. Although the bandpass
filter is constructed by cascading alternate low-
pass and highpass sections, the response curves
of the individual lowpass and highpass filters are
shown separately. The 3-db attenuation cutoff
frequencies occur at 192 kHz for the lowpass and
at 128 kHz for the highpass filter.

The measured and theoretical magnitude re-
sponse curves for the filter designed with the
conventional networks are compared in figure
8-17. The measured response deviates signifi-
cantly from the theoretical response. The same
filter was then designed with the realistic net-
works. The measured and theoretical response
curves for this filter are compared in figure 8-
18. Here, the measured response coincides very
closely with the theoretical response. In neither
case were any of the networks tuned by adjust-
nent of component values after the filters were
construected.

Of the seven amplifiers used in each bandpass
filter, five have an output resistance of 24 ohms,
and two have an output resistance of 7 ohms.
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Figure 8-17.—Magnitude response of filter using
conventional quadratic networks

All have an input capacitance of 7 picofarads.
If the output resistance or input capacitance of
the amplifier elements were higher, the response
curve of the conventional networks would devi-
ate further from the theoretical response. This
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Ficure 8-18.—Magnitude response of filter using
realistic quadratic networks

example shows that the improved design equa-
tions used in the computer programs can be
used to realize a desired filter response more
accurately than is possible with the conven-
tional design equations.






APPENDIX A

Computer Programs

Figures A—-1 through A-10 contain the com-
puter main line programs used in the filter
design procedure. The programs, which are
written in FORTRAN 1V, are listed below.

ML1A—Frequency Analysis
MIL1B—Transient Analysis
MI2A—Darlington Synthesis (even order)
ML2B—Darlington Synthesis (odd order)

7/ _JOB
77 FOR

#IOCSICARDs 1132 PRINTERs TYPEWRITERs DISK)
"WONE WORD INTEGERS
# L1ST SOURCE PROGRAM

< MAIN LINE ONE

OIMENSTON APHA{107s BETA(10)
READ(Z'OIM.R-Q ~

vvv-vv_“__ e
READTZ +94TFMAKIFMTINR :OF

YY=1 LOW PASS
YYs2 HIGH PASS .
YY23  BAND PASS
YYss BAND STOP
CALL CARIPTRSE)
XNeN
XN®XAN/ 2o
XIsle

16 T=xRexi

IF(T110293

X1aX{+1s

GO TO 10

(aXalla¥Xzalla

W

< N _EVEN

K=N/2

WRITE(3+31}

31 FORMAT(1Xs*'N EVEN')
L=0
M=0
KN=Q
CALL CAPOE(EsNsAPHASBETAT
CALL CARES(YYY»>FO9BBoFMAX sFMINIDF oK sl sMsNNy
TAPHAZBETAsAPHA BETAs00e s007
GC 10 3500

»n|

NN

N ODD
1T Ket{n=1772
WRITE(3232)
32 FORMATIIRS TN ODO'T
L=0
M=]
NN=Q
CALL CAPOO(EsNoAPHASBETAYSPOL)
CALL CARESUYYYsFO938sFMAXSFRINSDF sk sl oMol
TAPHAJBETAAPHA s BE TA L SPOL e+ SPOLY
G0 T 500
& FORMATUTS sF15.02F10.07
94 FORMATI3F10.0}
500 S$T0P
END

Figurs A-1.—MULI A program

ML3—Cauer Synthesis
MIL4-—Transformation Calculations
ML5—Chart Plotter

ML6—Active Filter Design
ML7—Active Filter Synthesis
ML8—Temperature-Dependent Response

114 J
// F

08
OR

*#10C
#NAM
#ONE
#L1s
4
<

SICARDs 1132 PRINTERs TYPEWRITERs DISK]
E MTS

WORD INTEGERS

T SOURCE PROGRAM

TEST OF ATRAN

// JO
{7 _FQ

£ W N

READ(2,1IN

READ( 292 1WO R )
READ(2+3)1Ws TMAX » TMINDT
WRITE{324)NsWOsR9W

CALL CARIPIRJIE)

CALL ATRANINsWSWORE s TMAXs TMINDT}

FORMAT(15)

FORMAT { 2F1040)

FORMAT (4F 10407

FORMAT (5X51202Xs11HPCLE FILTERY//s5X94HWO wsEL§e5s

112X93HR ®2Ei4e69//95X03HW wsEl4e649///)

_sTOP
TEND

FicURE A-2.—MUL1B program

8
R

#10CS

(CARDs 1132 PRINTERs TYPEWRITERs DISK}

#NAME ML2

*ONE
#L18T

C

WORD INTEGERS

SOURCE PROGRAM
DIMENSION AP(10)5AZ(10)
N_EVEN

<
500

H
3
1

[

15

4 FORMAT{15+F15¢79F1040}

94

38

501

MASTER PROGRAM
READ(204)INsR9Q

CALL CARIPIRsE)
READ{2994)YYY»FOsBBs2
ATN=N

__ABN®=ATN/24

ABl=le
AG=ABN-ABT
1IF(A9) 19243
ABIsABI+1e
G0 10 5

_CONTINUE _
GO TO 15
CALL ANEVINSEsYYYoFOsBBsFMAXsFMINSDF 9QeAPSAZ)
CALL AFIN(APsAZ»NoQrZsFONYYYsBB)
WRITE(3938)NsQIE

FORMAT (4F 10401

FORMAT (1Xe//95X»3HN =91593X93HQ =sF152693X93HE #sE15660//)
GG TO 500

sT0P

END

Fiaure A-3.—MUL2A program
85
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‘IOCS(CARDC 1132 PRINTERs TYPEWRITERs DISK}
#NAME ML2
#ONE WORD INTEGERS
#LIST SOURCE PROGRAM ~
DIMENSION AP(10)sAZ(10}
< N _ODD .
< MASTER PROGRAM
500 READ{2s4}NsRyQ . o - DO,
CALL CARIP{R:E}
READ(2+941YYYsFO+BB42Z
ATN=N
ABNSATN/24
ABIml,e
5 AgmABN-AB1L
IFLA9) 19203
3 AB1=ABI+1,
GO To 5
1 CALL ANOD(NSEsYYYsFQOsBBsFMAXsFMINIDF 9QsAPIAZ)
5

GO
CONTINUE .
15 CALL AFIN(APSAZsN+QsZoFOsYYYsBBI
WRITE(3938)NsQE
FORMAT (15¢F15¢ ToF1040)
94_FORMAT{4F1040)

38 FORMAT(1Xs/ /55X 92HN =s1593Xs3HA *+F15¢683XsIHE "sEL15e6077)
GO TO 500
$01 STOP

END

~

>

Ficure A-4.—MIL2B program

/ FOR
#JOCS(CARDs 1132 PRINTER» TYPEWRITERs DISK)

SNAME ML
#OME WORD INTEGERS

® LIST SOURCE PROGRAM

DIMENSION APHA{10}» BETA(10)sAD(10)s F{10}
MAIN N v i3
500 READ(294)NsR»Q

CALL CARTPIRHET
WRITEL2+999)R

999 FORMAT (10X TRIPPLE © ToE15467
READ{2+94)YYsFOsB8 2

QC=FO/B8
YYYnYY=245

TF(YYY)100+1000101
101 GP=Q/QC

G0 To 102

P
102 WRITE(3s45)
48 FORMAT (5Xe//95Xs *THEORETICAL POLES?' s/}

TN=N

A
ABNSATN/ 2o

ABT=l,
A9=ABN=-AS1

e

IFIA9)1+2,3
ABlwABLI+1,

0y

GO TO 5

< N 00D
1 CALL CAPOO(E sNsAPHASBETASSPOL)

ML778{N=11/2
0 28 [=1eMLT7
WRITE(3+26) IsAPHA(L) oBETALT)

NTINUI
WRITE(3+30)5POL

TTI0XsE15.8)
CALL PRDSO(N»QP sAPHA +BETASSPOL)

Mw(N=
K6=7

K7Tsi
Ka=l

Kya:
CALL XOPOL{APHASBETAsNeSPOL 9AD)

GO 10 18

< N EVEN
Z CALU CAPOE(EsNIAPHASBETA)
ML8O=N/2

DO 25 ImloMLE
WRITEL3+26)1+sAPHA(1) vBETALT}

6 FORMAT(SX91305X s o695XeE15.6)
25 CONTINUE

CALL PROSETN»QP sAPHABETAT
M=N/2

K6aM
K750

K8=0
K9-0

AoNsAD)

18 CALL SVCAS(ADQN'F)
aYY=3s

IF{TES)888,089,088
0889 CALL FITUN(FOsQsBBeNF}
888 WRITE(3540)

2/ 795K R TSY 77
CALL FtstAtlyFo.YYYuasoFaN)
-
» FORMAT(!5¢F15.1oF10-O)
] MAT (1Xs N =3 1533Xs sy 693Xy )

94 FORHAT(QFIO-OI

277 STOP
END

Fi16urRE A-5.—ML3 program
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/7 _JoB
/7 FOR
#10CS(CARDs 1132 PRINTERs TYPEWRITERs DISK)
# L1ST SOURCE PROGRAM
#ONE WORD INTEGERS
[3 ML&
< MAIN LIME &  TRANSFORMATION CALCULATION

READ{2+100}F

READ(2+1001Y

READ(2+1001)Q

JF{YI1lels2

T READ(2+1011XsF0+B

G0 T0 3
READ(2+10T) XoFHSFL
FORSQRT{FHAFL)
BsFH=FL
WOSFO/{2e#3014159)
BWRB/(24#3.14159)
HeE/{2,%3,14159)
< TEST X

XBX=2e5

TFIX)13513s14

13 X=X+le

IF{X115015216
XeX=le
TF{X)17917018

LY

[

1

i

15 WEQ=W/WO
XPL=10 /W0
WRITE(3+1021F0
60_T0 20

16 _WEQu=WO/W
SWO7WRAZ
WRITE(39103)F0

<
TT WEG=WO7BWH {W/WO=WE/WT
XPLOWO/BWH(1e /WO+WO/ WHH2)

G=G*B/F0
WRITE(3+104)F0s8
50 10 20
<
T8 WEQ==107/ (WO/0% (W/WO~WO/W] ]
XPLE(10/WOHWO/WAHZ)/ (WO/BW (W /HO~WO/W ) #82) /7408
QsQ*B/FO 77 FOR
WRITE(3+1051F0sB 'IOCS(CARD;TYPEHRITER;XI!Z PRINTERSDISK)
GO TO 20 ® LIS
< SONE wonn xnreasns
Z0 WRITE(39106 WEGsXPL 't"‘“3iazﬁig;:za:;;;gESIEﬁ‘zixars
WRITE(3,10810Q < G ATTENU
Iy I0TIF < R RIPPLE
1_READ{24947)GoXMAX
160 FORMAT (F1060) 947 FORMAY (2F 10407
101 _FORMATLIF1040) . X0mly
102 FORMAT(5Xs30HLOW PASS FILTER WITH CUTOPF ATSEl3e6T X3e15. 7TXNAR=X0T
103 FORMAT(sx.zsunlan PASS FILTERs CUTON Ar'513.sv {g;%!/'°1
104 FORMA ) ¥ » +693Xs M
lBANDNIDTH'ElS.el XXX={ XMAX=XQ) /60
105 FORWAT (B 7 AN D ; SETEIEE TALL SCALF(XSsYSsX03Y0)
1BANDWIDTH ¥ 3EL3e6) CALL FGRID{19XO+0094005020)
CALL FGRID(0sX0#0¢9XXX 2607
106 FORMAT[5Xs//+5Xs23HEQUIVALENT FREQUENCY +E1346s EEez.7183
110X|11HMULTIPLXER »E1346) ComC
SY V35 XVEIZa 6T — XsG
108 FORMAY(ZX.//»S!-'Q FACTOR = '9E1B3469/) - GeI0.w¥(G7 20,
DO 20 Jm4el2
END Nod
XNaN
a0
WB{1e/GON2m1s )08 030/ (20%XN) )
Fi16gUrRE A-6.—ML4 program CALL FPLOTT=ZN3R1T
e

DO 5T Islri0
CALL CARIP(RIE)

L
VLM-ALOG(YY)
Eid T g 13 g . .
CAO'(EE"AO#EE"('AO)7/2.
GRFZT(14=GH#¥2T]
YYIZAIE
YLR=ALOGTYVY
AQS [YLN=E#H2/80=3 ¢ NERRL/324m15+HERN6/28Bs=205 o BESRG/3072 01 /XN
CATSTEER®AO+EE#*(=AD) 172,
W=CALl/CAQ
CALL FPLOTT=ZsWsRT
ReR+¢0005
Ul

6

2 R®.005
D0 3 1=1+20
CALL CARIP(RJE)
YYnZo/E
YLNeALOG{YY) N
AQw (YLR-E#R 2/ hemd o WERRA /A2 o= 152 WENNE/ 2084~ 108 #EFRB/ S0 T2 17X
CAQS(EE##AQ+EERS (=A0) ) /24 -
=E#SQRT (G#% “=GHRZT]
YYa2/E

T T YLNeALOGTYY)

AR (YLN-E##2/4e~34 SESS4/32,=15 o ¥ERS5 /2880105« #E#2B/30720) /XN
CAI=TEERRAQ+EEFH(~AO1 1 /24
W2CAL/CAO
CA PLOTT=23WsR)
R=R+4005

3 CONTINUI
CALL FPLOT{39X0s04}

20 CONTINUE
G0 To

800 STOF T
£NO

Fiaure A-7.—MLS program
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1/ JoB Bi{l) = B2
/¢ FOR Wil) = w2
#10CS(CARDs 1132 PRINTERs TYPEWRITERs DISK) CALL cupamz.eunwu).Aunstx).nnns(u.m
@ LIST SOURCE PROGRAM R
SNAMEACTFS ML 6 TF(1-M) 66065,65
®ONE WORD INTEGERS 65 IFIDF) 67+67166
DIMENSION APHA(20)s BETAL2Q)sA120198(20)s G120 +D(20)s 66 CALL CARSPIMMsA+B3Gs0sEsWoFMINIFMAX2OF $5CAL)
@ E(20)sW(20)CL{20)8L120) 67 WRITE(39102)
8 READI2+10) NoRsQ 10
10 FORMAT{I5+F15,0+1£1040) 681 =1+
IF(N) 6006009 CALL sPscmsulhcuu.Fa.sw.sx.az.ux.uz»
< 4 = ORDER OF FILTER 8(1) = 82
< R = RIPPLE IN DB Wil = w2
< YY = 1 LOW-PASS FILTER CALL CMPRLUTWBLTIoWLI ) +ALT19GEL) sDTII9ECTI2Q)
< YY = 2 HIGH=PASS FILTER IFLI=M) 6869469
< YY = 3 BAND-PASS FILTER 691 =0
< YY » 4 BAND=STOP FILTER N1+
9 READI2+11) YYsFOs8W CALL ewacwsul1.cu1).Fo.aw.sz.az.w1mz»
11 FORMAT(3£10,0) I =l + ¥
READ{2s12) FMAXsFMINSDFsSCAL 8i1) = 82
12 FORMAT{4EL0401 wil) = w1
WRITE (35110} CALL CMPRHIT+B(1) oWl1)sAl1) 4G sDITI2ELTI Q)
WRITE (35111) NeRsQsYYsFOsBWsFMAXsFMINIDF»SCAL [ol=-M
IF (Q) 16414915 TF(1=M) 71490290
14 Q = 1.0£25 < BAND-STOP FOR N EVEN AND ODD
15 CALL CARIPIRSEN} 70 WRITE(30103)
Pl = 6,283185 G0 To 500
< TEST FOR N EVEN OR 0DD < PROGRAM FOR ODD ORDER FILTERS
1YY =YY 21 CALL CAPOO(ENsNsAPHASBETAWSPOLY
XN = N CALL PDSOD(N»2sAPHASSPOL)
YN .® XN/2e M= (N=11/2
20 YN = YN = 1. IF (M) 82482481
IF (YN} 21922220 81 DO 80 I=lsM
< PROGRAM FOR EVEN ORDER FILTERS BL(L) = =24 ®APHALIL)
22 CALL CAPOE {(ENsNsAPHA»BETA} 80 CLII) = APHA(11%#2 + BETA{1)%#2
CALL PDSEV {NsQsAPHA) GO TO (4055001607000 1YY
M s N/2 21 =M+ 1
MM = M B{Il = =1./5POL
00 30 I=leM Wil) = PI#FO
BLII) » «24%APHA(I MM o= Mo+
30 CLiI) = Apnun"z + BETAI1}082 GO TO (140+150+160s70)s1YY
GO TO (40+50260570)s 1YY 3 LOW~PASS FOR N GOD
3 LOW=PASS FOR K EVEN 140 CALL CPFRLUBUII oW (I} oALT)2G(IIaDIE1oECT)sQs D)
40 DO 42 InleM GO TO 90
81} » BL(1)/SGRTICL{IY) < HIGH=-PASS FOR N GOD
W(I) = PI#FORSQRTICLIIN 150 CALL CPFRHIBII}oW(IJsA(I)sGIT1sDIIIsELLIIsQsID
CALL CMPRLITLsBUIoWIIDsATTIoGITIaDLIISELIL) 2Q) G0 TO 90
&2 CONTINUE < BAND-PASS FOR N OOD
IF{YN) 8290590 160 WRITE (35104)
< HIGH=PASS FOR N EVEN GO TO 500
50 DO 52 1=1sM 90 1F{OF) 5004500492
8(1}) = BL{I}/SQGRTICLIIN 92 CALL CARSPIMM»AsBsGsDsEsWsFMINSFMAXsDF sSCAL)
Wil) = PI#FO/SQRTICLIIN) 101 -FORMAT (1HO»19Xs?BAND-PASS FILTER NETWORKS ( HIGH GAIN 11/}
CALL CMPRHITsBUIIsNEIIsALT12GIIIsDEII0EITD Q) 102 FORMAT{1HOs//1HO»19Xs?BAND=PASS FILTER NETWORKS { LOW GAIN 1'/)
52 CONTINUE 103 FORMAT (1H0»3X s 'BAND=STOP FILTER PROGRAM NOT YET AVAILABLE')
IF{YN) 82490190 104 :FORMAT (1HO»3X»*BAND-PASS FILTER PROGRAM NOT YET AVAILABLE FOR 00D
< BAND-PASS FOR N EVEN 10RDER FILTERS'/4Xs*CHANGE TO EVEN ORDER FILTER (N=EVEN NOo) AND
60 WRITE(3s101) 2RELOAD PROGRAM!)
MM = 28M 110 FORMAT{1H133Xs'ACTIVE FILTER DESIGN PROGRAM!////14Xy? INPUT DATA!)
1 =0 111 FORMAT (1HOs$Xs'N 2'514s13Xe?RIDB) #*1E1245¢9Xe 10 ateEL245
621 =1+ 1 /9XstYY u14E124508X0/F0 =t pEL2e508Xa1BW =t eE1205
CALL BPBCH(BL(I)-CL(!)oFD&BH-BhBlth’dZ) 2 77Xs'FMAX =VsE120596Xs ' FMIN =1 sE120508K¢'DF =t9E1245s
B(1) = 81 3 6Xe'SCAL ='5E1245///}
WLl = Wi 500 GO TO 8
CALL CMPRLUTHBITIoWIT)sAL11oGLE 1DV EITN40) 600 STOP
IF(1=M) 62463463 END
63120
61l el 4 2
CALL BPBCW(BLUT1sCLIT) sFOsBNB1 +B2sW1sW2) LOCAL sCARIP sCAPOE s CAPOO 9CARSP s CMPRL 9 CMPRH $CPFRL » CPFRH »BPBCW s
Ta14m *#LOCALPOSEV»PDSOD

Ficure A-8-—ML6 program

/44 JaoB

/1 FOR

#10CS{CARD+1132 PRINTERDISKsRLOTTER)

#LIST SOURCE PROGRAM

#NAMEANWKS ML 7

DIMENSION A{20}9B{207+G(201+D(20}2E{20)sWi201s X(8)sTITLECL2)
READ{Z2+80) (TITLE(I)ele1420)

FORMATL 2044

WRITE(3990) (TITLE([)s]l®14+20)

90 FORMAT (1M1933X» 'ACTIVE FILTER SYNTHESIS PROGRAM®///10X920A4//1

8

o

7180
9 READ(2s81) MsFMAXsFMINSDF »SCAL
81 FORMAT(12+4E1040) MLS

IF (K} 999998
8MaM=-10 /7 J0B

GO TO (10+20030+40050) oM /7 FOR
10 CALL CAqux.x.A.a.G.u-E.m #I0CSICARD S TYPEWRITER 1132 PRINTERSDISK)

#ONE WORD INTEGERS

20 CALL cAseux.x.n.s-s-n.e.m ® L1ST SOURCE PROGRAN
30 cALzoc:Fxmx.x.A.a.a.o.g.m DIMENSIO™ A{20)98(201+G(20)+DIZ0I2E(20124(20)

G0 CALL TEWMD (2eAsfeGeDsErs)
40 CALL :ASEH(K'X.A-B-G'DcE-Hl READ (2+10) FYMAXGFVINsDFeSCAL

10 FORMAT (4E1Ge))

i 23”;0(:“5“’"'°'°’°'E'"’F"”"F"""DF’SCA“ CALL CARSP (iisAsBaGalsE rasF s Lisr YAX sDF2SCALY
99 5709 STOP

END EAD

Ficure A-10.—MLS8 program

/7 XEQ 1
#LOCAL »CASEL s»CASEHICAF ILoCAFIH

Ficure A-9.—ML7 program



APPENDIX B

Computer Subroutines

Figures B-1 through B-39 are the sub-
routines called by the main line programs given
in Appendix A. The subroutines, which are
written in FORTAN 1V, are listed below.

ANOD—Subdivision of ML2B
FISDA—Filter Scale Darlington
FITUN—TFilter Tuning
ATRAN—Transient
SYCAS—Synthetic Division Cauer Syn-
thesis
CARES—Calculate Response
FISCA—Filter Scale
AATAN-—Are Tangent
CAPOE—Calculated Poles Even
PRDSO—Predistort Odd
ADPOTL—Add Polynominal
PRDSE—Predistort Even
SOPOL—Subdivision of ATRAN
CAKI—Subdivision of ATRAN
CAKO—Subdivision of ATRAN
TAKE—Subdivision ATRAN
CAZEE—Calculate Zeros Even
CAPOO—Calculate Poles Odd
ANEV—Subdivision of ML2A
CARIP—Calculate Ripple
CAZEO—Calculate Zeros Odd
SEPOL—Subdivision of ATRAN
AFIN—Subdivision of ML2
XEPOL~—Multiply Even Polynomial
SYDIV—Synthetic Division
XOPOL—Multiply Odd Polynomial
CMPRL—Compute R Second-Order Low-
pass
CMPRH—Compute R Second-Order High-
pass
CPFRL—Compute R First-Order Lowpass
CPFRH—Compute R First-Order Highpass
BPBCW—Compute bandpass B, C, and w

CARSP—Calculate Frequency Response
PDSEV—Predistort Even
PDSOD—Predistort Odd
CASEL—Calculate Second-Order Lowpass
CASEH—Calculate Second-Order Highpass
CAFIL—Caslculate First-Order Lowpass
CAFIH—Calculate First-Order Highpass
TEMP—Calculate Temperature Kesponse

_// FOR
"#ONE WORD INTEGERS
#LIST SOURCE PROGRAM e
SUBROUTINE ANOD (NsE»¥YYsFOsBB sFMAX sFMINIOFsQ9AP 9AZT
DIMENSION APHA(10)+8ETALL0) +AHAL10)+BYALL0) +AP(10)sAZ(20)
CALL ‘CAPOO(LE» N4 APHASBETASSPOL}
__WRITEL3,90}
T 90 FORMAT{5Xs5HN ODD+/71
. Ml=(N=1}/2 —
WRITE{346)
6 FORMATU1Xs//95XsLTHTHEORETICAL POLES) _
WRITE(3+8)SPOL
8 _FORMAT(3Xs6HSPOL_=9E15e6)
"DO 100 I=lsM1
R WRITE(3s7)1sAPHALTI}+BETALL) -
7 FORMAT U3Xs3H1 #s1353Xy6HAPHA =+E1546 3X06HBETA “sE15e6)
100 CONTINUE
CALL CAZEQUINsAHA»BTA»SOLE)
WRITE{3410)
IO FORMAT(1X e/ 735X »1BHTHEORETICAL ZEROES)
WRITE{3s9150L
9 FORMAT(3Xs5HSOL #1E1546)
DO 200 Is1wM1 .
WRITE(3911)10AHA(T ) oBTALL}

200 CONTINUE
___ CALL PRDSO{NsQeAPHABETASSPOL) . . .
WRITE(3s12)
12 FORMAT(3X»//+5Xs18HPREDISTORTED POLES)
WRITE(3+8)5P0L
00201 I=1sM1
WRITE(3971 TsAPHA(TT,BETALT)
201 CONTINUE o
CALL PRDSO(N»QvAHASBTA»SOL)
__ WRITE(3,16) R
16 FORMAT{1Xs/ /55X s 19MPREDT STORTED ZEROES)
WRITE(3591S0L
DO 300 1=1sM1
. WRITE(3911)12AHACTDBTALD)
360 CONTINUE ) ;
CALL XOPOL{APHASBETAsNISPOLSAP)
WRITE(2+20)
20 FORMAT(3X»/ /95X 922HDENOMINATOR POLYNOMIAL)
DO 600 T=1sN

WRITE(3+21)10APIYY
'21 FORMAT13R+3HAPL91253H) =923XpE1546)
400 CONTINUE R
. .CALL XOPOL{AHABTASN)SOLYAZY
WRITE(3922)
22 FORMAT{3Xs/7+5X s 20HNUMERATOR POLYNOMIALTY
00 501 i=1sN
T OWRITEL3923) 19AZETS 77
23 FORMAT{3Xs3HAZL 91293H) meBXsE1846)
“ 501 CONTINUE
RETURN

Figure B-1.—Subroutine ANOD
89



90

COMPUTER-AIDED

// JoB

#ONE WORD INTEGERS
“#LTST SOURCE PROGR,

y AW

SUBROUTINE FISDA(ZsFOsYYYsBBeFeN)
NSTON FU10J

BOB=BB#2.%3414159

WORFOR2,#3,14159
YayYyy

YaY=2e5
IF{Y)39344

YooY+l
IF1Y15+5+6

&

YsY=le
FLY)79798 -

5
[

GO TO 7
GO_TO 8

7

258l
GO _T0 10

8
10

2531472
ATN=N

ABN=ATN/Z,
Aglsle

11

AGeABN~ABT
IF(A9121922+23

23

ABT=aBT+1.
GO TO 11

N EVEN

MlaN-l
DO 31 I=1sMle2

w

1

F(IIaF (11 #Z5/888
CONT INUE

00 32 T=2wNs2
FillsF(1)/(25%8B8)

)

2

CONTTRUE
FIN+1)mF (N+1)#Z

GO TO 100

21

41

N ODD

D0 41 Im1sNe2
F(I)aF(1}#25/888
CONTINUE

MiaN=1
DO 42 1=24M1s2

42

F(T1=aF{1}/(ZS*BBB)
CONTINUE

100

FIN®1)YasF(N+1)#2
M3mN+]

00 101 TaT,N3
WRITE(3s15011sFL])

U
WRITE(3s151)2

FILTER DESIGN MANUAL

44 JOB

/7 FOR

SONE_WORD INYEGERS
#LIST SOURCE PROGRAM

DIMENSION F{10)}s TR3(10}» TR2{10}s DF2(10)s DF3{10)
wEFQ/Q

WRITE(3+10018W1 .

] sElatinl)

‘WRITE{3+101188+FO
11THCENTER FREQUENCY +5XsEX4eb64//)
Mapm]

< TEST N EVEN OR 00D
LIS

XN
XNZwXR/24
IF{XNZ)1e223

-

XN2mXN2+1e
]

< N EVEN
M3IsN/2

N

TR!(llllu
#F

F
KC-TRMIHTRZ( ll

Ju=2#l=}
TR3LII=SORT(F(J)/F{1

1/
TRZ(l)'SQRT(F(JH.)'F(l))'XC'FO’BB.TRB(H

300 CON'”NUE
G0 Y0 407

<
S

N O
1 M!-(N-IUZ

Xculy
DO !02 Im1sM3

TR!(H-SGRT(F( 1YSF{J) L #XC*FQ/8B
TR2(IIWSQRT(F(I+1)/FL1) 1#TRILTI/XC

XCaXCHTR2(TI/TR3LE)
02 CONTINUE

407 WRITE{2+60)

50 FORMAY {5Xe//95Xs 1 COIL TAP 2 RATIO
M3

TAP 3 RATIO'»/}

) G 306
WRITE(32301)1»TR2(114TRILL)

306 CONTINUE
WRITE(34+61)

61 FORMATI1Xs///746Xs4HCOIL+8X211H FCo DEFs 2020X+11H FCo DEFs 34/)
D!

0 =]sM3

DF2({1}1sSQRT (FOW#2/TR2{ 1) ##2=BWins2]}
DF3{1)=SQRY (FOW®I/TRAILIH¥2uBWINY2)

WRITE{3s30131+DF2{1)sDF31{ 1}
gog CONT INUE

FL=T
DO 947 Il

Xnle
DO 948 Jmlsl

M1TaN+ley
948 XmXRF{M17)/Q

94T FLWFLX
WREITE(3+310)FL

310 FORMAT (1X3//95Xs11HFLAT LOSS me2XeE1546)
301 FORMAT{TX»12s10XsE15:69)12KsEL1806]

RETURN
1] =y » 1 ] =y 1] . En
151 FORMAT (5Xe2H2a92XsE1546)
RETURN P .
END ¥Ficurk B-3.—Subroutine FITUN
Freure B-2.-—Subroutine FISDA
RY=0,
7/ Jo8 DO 50 1=1eN3 ;
#_TST SOURCE PROGRAM K=R-1-T

#ONE WORD INTEGERS
SUBROUTIRE ATRAN(NeWsWOsEEsTMAX 9 TMINSDT)

CALL TAKE(SPOLOs9KIROIAOH

RT=TI4ROFATTY

DIMENSION APHA(10)sBETA(10)sA(10)5AK(10)sPK(20} AT=AT+AORALT)
Es2.7183 50 CONTINUI
XN=N CALL TAKE(SPOL#0sN=1sR0+A0)
Xl=1 RT=RT+RO
4 TX={XN~X1) AT=AT+AO
TF{TX)19293 RT=RT+A{N=1)
3 Xi=XI+le ZT1=SQRT(AT##24RT##2)
GO T0 4 CALL AATANTATIRT sPT1)

2 CALL CAPOE(EEsNsAPHABETA)
CALL XEPOL{APHAIBETAsNIA)

RAD=WE%2 +SPQL ##2

=04
ZAD=SQRY (RAD##24+AMAD®#2)

CALL AATANTAMADRADsPAD}

CALL CAKO (NsASAKOIPKOIWOIY ZT=2AD®ZTY

AL sAs APKOIWO 214W) T

DO 10 J=1sM M7=(N+1)/2

CALL SEPOL(APHASBETASNsJ oA} ARTMTT*WORW/ZT

CALL CAKITAPHALJ) sBETA(J) sNoWoWOLAKLJ) sPKEJ) A} PRAMT7)=PT
~10 CONTINUE FACHTS

SPOL®0. Me(N=1)/2

FAC=0s G0 YO 100

AK{M+1) =00 <

GO 10 100 100 ToTMIN®#WO/(2+%3414159]
< N_ODD 101 FTsFACHAK (M41)%E##(SPOL®T)

1 CALL CAPOO(EEsN+APHASBETA»SPOL}
CALL XOPOL {APHAYBETAINSPOLA)

CALL CAKO{N»A+AKQIPKOOWO s W)
Me{Ne1)/2

D0 20 J=lsM
CALL SOPOL{APHAIBETA»SPOLMeJsA)
CALL CAKTTAPHATII s BETATIT sNoWsWOIAK(J 1 sPKTJI oA

20 CONTINUE

CALL SOPOL(APHABETASPOLsNsMA)

N3ah=2
AT=04

SAKO* {WO/W) #.
DO 200 I=1sM
FTaFT+AK{ 1) /BETATT ) #SINIBETAT
200 CONTINUE

W/WORTHPKO}+F T

#T+PK

SERR{APHAL

TTaT#2e%3,14159/W0
WRITE(39205)TTFT

TeT+DT*WO0/12.%3414159)
TTTuTMAX~TT

IF(TTT)I102+101s101

205 FORMAT(5X+2HT®92XsE15¢605Xe3HFTm92X0E1546)

02 RETURN
END

Figure B-4.—Subroutine ATRAN



APPENDIX B

7/ JoB <
A/ FOR 4 N EVEN = -
#ONE WORD INTEGERS 4 J=1
#LIST SOURCE PROGRAM WRITE (351017
SUBROUT INE SYCAS (AD#NsFi 101 FORMAT(5Xs6HN EVEN)
DIMENSION AD{8)sA(8),BIBIIRIBIIF(B) M5=N/2 -
4 PROGRAM FOR SYNTHETIC DIVISION DO 14 l=1,.M5
< CAUER SYNTHESI1S Bthi=AD(YY) "~ — "TT T T T T T
1 DO 2 Ials8 Jmgs2
Al1)=0, 14 cONTINUE
B(1)=0e - . J=2 L
2 CONTINUE Atl)=1,
A7N=N T e T e M6=N/241 | _
ABN=ATN/ 24 DO 15 I=24M6
ABI=1, AC1)=ADLY)
6 A9=ABN-A81 Jud+2
IF(AD130445 15 CONTINUE e
5 ABI=ABI+1, c
GO TO 6 ’ T o 9m .
(4 N 00D _ c
3 Jsl M7aN/2=J
WRITE{(3+100} MB=N/2+1=y
100 FORMAT{SXs5HN ODD) B M9=N/242«) T -
Ml=(N+1)/2 4
DO 7 I=1sMl T T T 16 F(JI=Al1)78(1) _ R
e Bt=ADLS) DO 17 l=ieM7
Fad+2 R R{II=A{I41)=B(1+1I#A(1)/BI1)
7 CONTINUE 17 CONTINUE
Ju2 T e R(MB)=A(M9)
All)nl, < RESET
DO 8 1®2,M1 T DO 18 I=1,M8 R e
. AtI=AD(Y ALT)=B(I) )
Jsge2 BUI)sR(1)
B CONTINUE 18 CONTINUE
14 T T T T e e [4 ) :
B Jel Je el -
(i e SR M3sMg R o
Mz-(q-l)/z+1-4 M2=M3-1 T
MI= (N+1V7241~J z GO .T0 9
4
e FthisatlizBiiv - T 13 M10sN~yJ = .
DO 10 I=) M2 IFIM10)19,19520
RUTI=A(1+1)=B(I+1)%A(11/B(2) T < -
10 CONTINUE 20 JmJg+l
[4 - M8=M2
C RESET M9=M3
DO 11 IslyM3~ B M7eM8~1
A(1)=B(1) GO TO 16
11 CONTINUE 19 RETURN B .
DO 12 I=l,M2 END -
BLIY1aRAT)
12 CONTINUE
GO 10 13

Ficure B-5.—Subroutine SYCAS

353-813 O—69—7



92

4/ Jog

4/ FOR. .
#ONE WORD INTEGERS

COMPUTER-AIDED FILTER DESIGN MANUAL

DT=DT+D{1)

*#LIST SOURCE PROGRAM

novn

SUBROUTINE CARES(YYYsFO2BBsFMAXsFMINIDF sk ol sMoNs
1ALPHLYBETAL 1ALPHZ 1BETAZ4SPOLLWSPOL2)

DIMENSION ALPHA(10).4BETAIL01+B(10)sCI10)9T(1005X{101sY{10)
19P{10)2D(10)9PY(101sALPHI(10) sBETALLLIO)»ALPH2 (101 9BETA2(10}4

2ALPH3(10) sALPH4 (101

ALPH3{11=3P0OL]
ALPHA11)=SPOL2
Xel, LOW PASS
X=2s HIGH PASS
.X=3s_ _BAND PASS

FO SCALE FREQUENCY |
B BANDWIDTH

101 CONTINUE

1050 IF(L)1060+106051061

- 1061 DO 102 I=1eL

TALPHACTS mALPHZTTT

BETAL1)=BETAZII) .

TOIIRSORTI(CE 1) ~wan2)ne24 (waB{1) Va3 )

X1 aweg (1)

YILInC (1) ~une2

CALL _AATANIXUT) oY (1) 02)
1raz

o(x)- o/ (Lat IWBUEI/ZICIT)=WhN2) )HR2)H((CUTImNIR2)9BI]) 4

IWNE2%B (1)1 %241/((CIT I mWRN2 ) HH2)

BAND STOP

NUMBER OF CONJUGATE POLE ‘PAIRS

D(I)=D(1)#pD
DI1da=D(1}
PWLI)SP(TI/W

G0 TO

®

7 FC=FO/BB*(F/FO=FQ/F)
DD-Fo;aan1./F0+Fonrnz))

FCIFO/IFO/BB*(F/FO-FO/F))
DO==BB*(14/FO+FQ/{FA#2))/{F/FO=FQ/F}

3
<
< L= NUMBER OF CONJUGATE ZERO PAIRS TI=TTI*T (1)
< M= NUMBER OF SINGLE POLES _ . . . .. . PTapT+P (1)
< N= NUMBER OF SINGLE ZEROES PTWEPT/W ) T
< o DT=DT+D( 1}
80 YYaYYY 102 CONTINUE o T
FC=FMIN e 1060 1F(M)1070+107001071
FaFC “10717°00 103 T=1,#
18 TT=l, e e e ALPHA(T ) sALFH3(T) o . I o
PTx0, TUI1m1e/SQR (WR#2+ALPHAL | 1042
PWT=0, XXsW
0T=0, Y[ }m=ALPHA{T) ToTT T e e -
YYuYY=245 e e e S CALL AATAN(XX»Y(1}s2)
IFLYY) 30304 BliTa=z
3 YYsYY+l, R DALIm=1e/(ALPHALT) 110/ 204 (W/ALPHALT ) %02} —
IFIYY)50546 D{1)=D 1) *DD T
4 YY=YY=1le PU(IIeP{I}/W
TFIYYI 79798 TT=TTeT(]) - ) T
5 FCeF/FO PTsPT+P{1)
OD=14/F0 - DT=DT+D( )
— gg TgogF - —_ 103 CONTINUE - e . IR
== © 1070 1F(C +1086
DD=FO/ (FGae2) 1081 00 104 Taian 0ot
GO 70 § iR s mmens

TALPHALT Y=ALPHATTY

T(IISQRT LW 2LALPHA( L 1#82}

XX=W
Y(11==ALPHALL)

60 10 9
9 WmFC

IF{K)1050»1050+1051

DO 101 I=lsk

ALPHA(T) mALPHI(L) 7 7

BETA(I1=BETAL(1)

D(l}=le/(ALPHALT))#14/ (1 et IW/ALPHALT Y )42
D{13}=D(]}#DD
PWITI=P{TI /W
TI=TT*T(L)
PT=PT+pI1)

Bl )tm=2a®ALPHA(TL)

CLIImALPHAL{I) #¥24BETAL 1) %82

X{L{)ewss(l)
Y112 (1) =wes2

CALL AATAN(X{I)oY(1)92)

TUII2a/SQRTL(CH] ) mpeu2) #E24 (WNE(T)

DT=DT+D(1)

104 CONTINUE

1080 Pt-pr~1ao./3.1kls9
PP
DT-DT/(z.*3.14159)

WRITE{3s16)FsTTHPT+PUT DT

P(T)a=Z

DII)=le/{la+tWRB(I)/(CUI)=WHN2} ) #82)R{{CL ) =URN2)#BL])+

Lwee2xB{1)#2) 7{ (CILI=WhF2)H02 ]

DU1)1=D(1)*DD
PWII)=PLI) /W
TT=TT#T(1}
PT=PT+P{]}
PTU=PT/W

16 FORMAT(2X»4HFC =9E120592X45HAMP 29E124542X2 THPHASE #9E12050
12X9GHPHASE/W =9E1245352Xs THDELAY =9E12451
FaF+DF
AXYRFMAX~F

YYaYYY

IF{AXY) 1717218
RETURN

END

17

Fieurs B-6.—Subroutine CARES



// JoB

/7 FOR

#ONE WORD INTEGERS
#LTST SOURCE PROGRAM
SUBROUTINE FISCA(ZsFOsYYYsBBeFaN}

OIMEN N FU107
BBB=8B#2.%#3,14159

WO=FO®{20%3,14159])
Y=YYY

Ya¥=2e3
IF(Y)393s4

YaY+le
IF{Y)53596

YoY=1e
IF(Y} 79738

GO T0 7
GO TO 8

25=7
GO T0 10

25=1.72
ATNaN

oo ~jowl & W

i

REN=ATHN7Zs
ABI=1e

17 ASwABN=-ABT
IF{A9)21522423

23 ABl=A8I+l,
GO0 To 11

< N EVEN

22 MIaN=T
DO 31 I=1,M142
=

31 CONTINUE

—

D0 32 T=dwNe2
F(l)=F(l)=25/888

3

X

CONTINUE
GO 7O 10¢C

[aR 4l

N ODD

21 D0 a1 T=1,Ns2
Fil)aF(1)#25/B88

&

P

CONTTINUE
Ml=N=1

DO 42 T=2eMle2
F{l)=F(1}/(25%888)

42 CONTINUE
100 DO 101 I=1sN

WRITE(3s15011sF ()

101 CONTINUE

WRITE(3s15112

FORMAT [5X92HImo 1 208X 9 2HF292X9EL546)
FORMAT [5Xs TTERMINAL N & Ty
RETURN

150
15T

°

END

Ficurs B-7.—Subroutine FISCA

// JoB
// FOR
¥ONE WORD INTEGERS
#LIST _SOURCE_PROGRAM
SUBROUTINE AATAN(X»Ys21
PHASE=Q,
P=X/Y
IF(X}1s292
TF(Y13+9 6
IF(Y)501046
Pep
PHASE=3414159+ATAN(P )
GO 70 7
4 pamp
PHASE=-ATAN (P}
60 T0 7
5 Pu=p
PHASE=3414159=ATAN(P)
GO 10 7
& psp
PHASE=ATAN(F]
7 _2ZaPHASE
GO 70 11
9 2u=314159/2s
G0 10 11
10 Z=3414159/2
11 RETURN
END

win e

Ficure B-8.—Subroutinc
AATAN

APPENDIX B

"4/ JoB
FOR,

93

-£{ FOR
#ONE WORD INTEGERS
#L1ST SOURCE PROGRAM
SUBROUTINE .CAPOE (EsNsAPHAIBETA)
DIMENSION AN(20}9APHA(20) yBETA(201

< CALCUL,
1 _XN=N

ATE POLESN EVEM

1F{EI2
2 Yte24/

392
E

YLA=AL
As{YLN

0G1YY)
HERRD /b amB o HENNG /320415 RERNG/ 2882059 #ENRE/I0T20 ) /XN

AA= { YL
EE=2s

NmEXRZ2/bomBa RESRL/320=1 e RENRE/20Bo~]1 05 #EHEB/30726 /XN
183

SAl=(E

. SAlat
- CA2=

60 10

E#*A+EE:

E*#AEE#NR(«A)) /20
Ax(~p)) /28
E#RAATEER¥ (=AA)) /20
4

3 5Als=l,
CAl=la

CA2=1s
M=N/2

4

00 10
Al3l=}

I=lM

Al3N=N
ANil)=
APHALL
. BETALL

10 CONTINUE

RETURN

{20%A131~1,)/A13N

}a=SAI#SINCAN(I)I#2414159/241/CA2
1=CAI*COS(AN(])#3414159/241/CA2

END

Figure B-9.—Subroutine CAPOE

/7
/7

JOB
FOR

"%ONE WORD INTEGERS

*L

1ST SOURCE PROGRANM
SUBROUTINE PRDSO(NsQsALPH,BETAsSPOL)
OIMENSION ALPH(20)+BETA(20)

taRal

1 M=(N=11/2
DO 10 I=1sM

ALPH(I)=ALPH{I)41./Q
BETA(I)=BETALL)

10 CONTINUE
SPOL=SPOL+14/Q

RETURN
END

Ficure B-10.—Subroutine PRDSO

/7 J0B
// FOR

#LIST SOURCE PROGRAM
#ONE WORD INTEGERS

SUBROUTINE ADPOL {APsAZsN»ANsAD)
DIMENSION AP(20)sAZ120)sAN(I20)»AD(20)

DO 10 I[=1sN
AD{1)=AP(1)=AZ(1)

ANTT)Y=APLI)+AZ(])
10 CONTINUE

RETURN
END

Fi6urE B-11.—Subroutine ADPOL

/7 JOB
// FOR
"#ONE WORD INTEGERS
#LIST SOURCE PROGRAM
SUBROUT INE PRDSE{NsQsALPASBETA)
DIMENSION ALPA(20)+8ETAL20)
< SUBROUTINE TO COMPENSATE FOR DISSIPATION
< BY _ PREDISTORTION N EVEN
1 M=N/2
DO 10 Ix=1.M

ALPATT I=ALPA(TII+1./Q
BETA(I)=BETA(I)

10 CONTINUE

RETURN

F

END

1¢URE B-12.—Subroutine PRDSE



94 COMPUTER-AIDED FILTER DESIGN MANUAL

// J0B
// FOR

#LIST SOURCE PROGRAM
#ONE WORD INTEGERS

SUBROUT INE SOPOL{APHMASBETA»SPOLsNsJsA)
DIMENSION APHA(10)sBETA{10)10A(10)}
Me{N-11/2

1T=)=M

IF(IT)110510511
10 MMEMw]

DO 20 I=1eMM
1F(1-J122522+21
21 APHA(I)=APHA(I)
BETA(1)=BETA(])
GO T0 20
22 APHA{1)=APHA(I+1)
BETAUI1=BETA(T+1)
20 "CONTINUE
NN=N=2
CALL XOPOL(APHABETANNeSPOL oA}
GO TO 30
11 NNNsN=1
CALL XEPOL{APHAsBETAsNNNvA)
30 RETURN
‘ END

Ficure B-13.—Subroutine SOPOL

// JoB
// FOR

#L1ST SOURCE PROGRAM
#ONE WORD INTEGERS

SUBROUTINE CAKI(AP»BPsNeWsWOIAK9PKsA}
DIMENSION A(10)

MaNe2e1
RT=06

/7 JoB

/7 FOR

*LIST SOURCE PROGRAM

#ONE WORD INTEGERS
SUBROUTINE TVAKE (REsAMsNsRO2AQ)
IF{RE)1929])
L3SQRT(AM*#2)
AN=3414159/2¢

60 10 3 -
Z=2SQRT (REX#22AM##2 )
CALL AATANUAMoRE ¢AN)
IN=Z%uN

XN=N

ANN=XN*AN

RO®=ZN*COS (ANN}
AQ=ZN®#STNIANN}
RETURN

END

Ny

(™

Ad

Fieure B-16.—Subroutine
TAKE

/7 JoB
/7 FOR

4/ FOR_
#ONE WORD INTEGERS
#L1ST SOURCE PROGRAM

SUBROUTINE CAZEE(N+ALPASBETAoE)
DIMENSION ALPA120)sBETA{20)sANI20)

CALCULATE ZERGS N EVEN
XN=N

AT=0e
DO 20 1=1eM

IFIEY29342
YYu2o/E

o

KuN=2={
CALL TAKE{AP+BPK9RO»AQ}

YLN=ALOG{YY)
AAR (YLN=E#R2/bomD o ERNS/320m) 8o HERRG /28801084 RERNB/I0T24) /XN

KRT=RT+RO*A{ 1)
AT=AT+AO*A( L)

EEmZ47183
CA2u(EENRAA+EERR («AA}) /2,

20 CONTINUE
M3=N-2

GO TO 4
CA28120E+15

F Y

M=N/2
DO 10 I=21sM

CALL TAKE{(AP»BPsM3sRO»AO)
RI=RT+RO

Al3lm{
Al3NaN

AT=AT+AO
RI=RT+A(N=2)

AN(I)-(Z.*AI?!-l-)/AlSN
ALPA(L}=D

ZT1=SQRT (AT®%2+4RT4#42)
CALL AATANU(ATORTPT1)

10 CONTINUE

RAD=(W/WO I RR24AP##24BP##2
AMAD=2 , #AP%BP

ZAD=SQRT (RAD®#2+AMAD#* %2 }
CALL AATAN(AMADSRADPAD}

ZT=ZAD*Z71
PT=PAD+PT1

AK=(W/ WO} #1a/2T
PKz=pT

RETURN
END

Ficure B-14.—Subroutine CAKI

BETA([)I(COS(AN(I)'3n16159/2.1l/CAZ

RETURN
END

Freure B-17.—8ubroutine CAZEE

// JOB
// EOR
// JoB #ONE WORD INTEGERS
/4 _FOR #L1ST SOURCE PROGRAM
#L 15T SOURCE PROGRAM SUBROUTINE CAPDO(E.N|APHA-BETAv5POLI
#ONE_WORD INTEGERS on 9) s APHAL )
SUBROUT INE CAKO (N3AsAKOSPKOIWOIW? N %5“"”& POLES N 0DD
DIMENSION A{10} IFTEIZo5:2
Z=W/W0 2 YY®24/E :
NN=N-] YLN=ALOG(YY)
RT=0e . AR{YUNVERRD /b g o RERHL /B2a+ 15 RERNE /2884 =108 e HE#XB/30T720 ) /XN
AT=0, AAR(YLN=E#%2/44=3 s #ER#L/320=15+#ERBE/2884=105 ¢ REX%B/30724) /%N
DO 10 14NN ERo2.l182
SAL=(EE*®A-EE#%(=A)}/2,
KaN~1

CALL TAKE(Os2ZsK+ROSAO}
RT=RT+RO¥A(1)
AT=AT+AO®A(])
10 CONTINUE
CALL TAKE(Qe2ZsNsROsAQ)
RI=RT+RO

AT=AT+AO

RT=RT+AIN} .
LZT=SQRT(ATR*2+RT##2}
CALL AATAN(AT +RToPKO}
AKO=W/ (WO#ZT)

PKO==PKO

RETURN

END

Figure B-15.—~Subroutine CAKO

CAL=(EE#*AMEENR (=A)} /20

CAZ2={EE#RAAHEERR (=AA)) /24

4 M=(N=1)/2

DO 10 I=1sM
Al31=]

AL3NsN
AN(T)=({2+%#A131~15)/A13N

APHA(T ) =~SAT#STN(ANTT1#3416159/20)/CAZ
BETALI}=CAI#COSIANIT}%330159/24)/CAR

10 CONTINUE

§P0g--SAl/CA2

"RETURN
END

Ficore B-18.—Subroutine CAPOO



APPENDIX

77 JoB

/7 FOR

%GNE WORD INTEGERS
#LIST SOURCE PROGRAM

SUBROUTINE ANEV(NJEsYYYsFOBBFMARsFMINIDFsQoAP sAZY
DIMENSION APHA(10),BETA(10) 9AHAL10)+BTAL20)2AP (10} 9AZ(10)
CALL CAPOE{ESNsAPHASBETAT

Mu=N/2

91 FORMAT(5Xs6HN EVENs//)

WRITE(3,91)

"WRITE(346)
00 700 f = 1o M4
WRITE(3+711 sAPHAL L) sBETACTY

700 CONTINUE

“800 CONTINUE

CALL CAZEE{NsAHAIBTASE)
WRITE(3+10)

D0 800 Is=lsMa
WRITE(3+11)19AHALL)SBTA(L)

CALL PRDSE{NsQvAPHAVBETA}

WRITE(3,12)
DO 900 [=1lyMa .
WRITEL3o7 ) sAPHALTFoBETATT)

900 CONTINUE

CALL PROSE(NsQoAHA»BTAT
WRITE(3+16}

950 CONTINUE

BO950 TeloMa
WRITE(3611119AHALT)»BTALT)

CALL XEPOLIAPHASBETASNSAP)
WRITE(3s20)
DO 961 I=1eN

_...961 CONTINUE

WRITE(3 211 TeAPTTY

CALL XEPOLTAHAIBTAINSAZT
WRITE{3922)

D0 962 1%1sN
WRITE{3+23)15AZ(1)

962 CONTINUE
6 FORMAT(1Xs//+5Xs1THTHEORETICAL POLES)

7 FORMAT (3K 3HI =3 1343X s 6HAPHA
10 FORMAT(1Xs//95Xs
i1 FORMAT(3Xs3H1 =s13s3 i
12 _FORMAT(3X+//45X+18HPREDISTORTED POLES)

16 FORMAT (1X+/ /745X s 19HPREDISTORTED ZEROES]
20 FORMAT{3X»//»5X»22HDENOMINATOR POLYNOMIAL)

21 FORMAT(3X»3HAPL+1243H) =¢3X5E15.6)

22 FORMAT (3Xs/ /95X 9 20HNUMERATOR POLYNOMIAL}

TT23 FORMATI3Xs3HAZ (o 1293H) ws3XsET506)

RETURN
END

Figure B-19.—Subroutine ANEV

17 Jow

/7 FOR_

®ONE WORD INTEGERS

#LIST SOURCE ‘PROGRAM )
SUBROUTINE CARIP(R4E)
RR=R/100
E=SQRT{10e#¥RR=10)
RETURN
END

Ficure B-20.—Subroutine
CARIP

/7 Jos
// FOR

#ONE WORD INTEGERS

#L1ST SOURCE PROGRAM

SUBROUTINE CAZEG{N»ALPASBETA»SPOLIE]
DIMENSION AN{20)sALPA120),BETAL20}
XNeN

CALCULATE ZEROES N 0DD

~

TF(E) 29392
YY*2,/E .
YLN=ALOGIYY

AR (YLN-EWKZ/Gon3 o REXHG/D20m 5 #ERHG /268 0=105ENXE/30T20 1 /XN _
EE=2,7182

CA2x (EE#HAASEERRI=AA) ) /24

W

GO 10 4
CA25140E+15
M=(N-1}72
DO 10 I=1M _ e o
Al3tey - ’

AL3N=N

1

-3

ANTTI = (24 %A131=1,1/A13N
ALPALYIRO, o
BETA(T )= {COS{ANL 11 #3,14159/2,117CA2
CONTINUE _
S5P0OL=G,
RETURN

END

Ficure B-21.—Subroutine CAZEO

/7 Jos

95

// JOoB
g1 FR .
#LIST SOURCE PROGRAM
#ONE WORD INTEGERS .
SUBRQUTINE .SEPOL {APHASBETAsNsJsA)
DIMENSION APHA{10)+BETA(L0)4A(L0}
M=N/2
MMMl
D0 100 I=1oMM
1F{1~J129251
1 APHA({1)=APHALIL)
BETA(1)=BETA(I)
GO TO 100

100 CONTINUE
NNzNw2
CALL XEPOL{APHA»BETASNNIA)
RETURN
END

Figure B-22.-—Subroutine SEPOL

// FOR

#L1ST

#ONE WORD INTEGERS

SOURCE PROGRAM

SUBROUTINE AFIN{APeAZoNsQsZoFOsYYY BB

DIMENSION AP(10)5AZ(10)sAN10)+ADII01SF(20) _
CALL ADPOL{AP»AZosNsANsAD)

WRITE(3¢30)

FORMAT (3X s/ 795X s 34HDENOMINATOR POLYNOMIAL AFTER ADPOL)
DO 500 ImlsN
WRITE(3531115ADCI)"
FORMAT (3Xs3HAD{ »1293H) ®+E1506)
CONTINUE

WRITE(3+32}

_WRITE{3+33)1sAN(1)

FORMAT (3X+/ /95X s 32HNUMERATOR POLYNOMIAL AFTER ADPOL)
M2aN
DO 600 1=1,M2

FORMAT(3Xs3HAN s 1223H) ae£1556)
CONTINUE

25

CALL SYDIV(ANoADsNsF)

CALL FISDA(ZsFQoYYYoBBoFoN) _
M7sN+1

00 25 fmleM7
WRITE(3e39)1sFIT)
CONTINVE

39

FORMAT(3Xs2HF (+1254H) = sE18s7)
RETURN __
END

Figure B-23.—Subroutine AFIN

/7 Jog
// FOR

#ONE WORD INTEGERS
#L1ST SOURCE PROGRAM

SUBROUTINE XEPOL {APHAYBETASN3SAA)
DIMENSION B(201+APHA(20) sBETA(20)9C(2010A(20920) 9AAL20)

PROGRAM TO TAKE PRODUCT OF POLYNOMIAL TERMS N EVEN

[2](a Kzl

10 _CONTINUE

1 MaN/2

MULTIPLY CONJUGATE TERMS

DO 10 I=lsM
B{2%] Ja=2.#APHA(T) L
CL2#1)=APHALT ) ##2+BETA(I ) #42

[3]

SET UP FIRST POLYNOMIAL
All14+2)=B{2)
Al242)=C12)

. CALCULATE PRODUCT TERMS
MMaN=2
D0 20 J=2eMMe2 ..
Tl r2) =Al 1 1 4BJH2])
Al23J42)=A1203)+ALT 0 J)1%B1J+224C (220
ALJ412J+2)5A0Jm1 01 %CLJ42)+A(Ss JIBBLIAZY
AlJ+29042)=A0JsJ)%CLI+2])
IF(J~2120420011

_ .11 DO 20 [=3sd

AT +2) ATy JI+ATT=10 IV RBII42)+ATIm2 s JTHCIJ42)

_20 CONTINUE
21 DO 30 I=lsN

" 30 CONTINUE

AALTY=ALTsNY

RETURN

END

Ficure B-24.—Subroutine XEPOL
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"HONE WORD TNTEGERS
# LIST SOURCE PROGRAM o
SUBROUTINE SYDIVIANSADsNIF) ™
_._. DIMENSION AN(20)sAD{20)+A(30)+8(30)sR120)+F(20)
[4 PROGRAM FOR SYNTHETIC OIVISION " o
[4 DARLINGTON SYNTHESIS
00 16 I=1,30
A(lYa0s
8(11=0,
10 CONTINUE
At11m2,
00 20 I=1sN
A(T+11=AN(T)
20 B(1)=AD(1}
MaN~]
DO 30 J=lsM
FlJimatlr/gili
MlaN-J=1=1
IF(MiI)50955+55
55 MMENwJ=1
DO 21 I=1MM
oo Rtlysatle2y-gile2)2atidoBtdy
21 CONTINUE
50 M7sN=J+2
MBaN=J
R(MB)sAIMT)
MSuN+1=J
. .. DO 221=14M5 -
22 AL{InBA1) i T T
MMMEN=~J
D6 23 [a1.MMM
.23 Bill1=RUI) -
30 CONTINUE
_MémNel
DO 40 J=NoMa
F(J1oA(1)/BI1)
R{1T=AL2)
Atl)aB(1)
BtiI=RI1)
40 CONTINUE
RETURN
END

Ficure B-25.—Subroutine SYDIV

// JoB
// FOR

#LIST SOURCE PROGRAM

#ONE WORD INTEGERS

SUBROUTINE XOPOL{APHAIBETAsNeSPOL1AA)
DIMENSION APHA(20)+BETA(20)9A(20520)sAA(200
PROGRAM TO TAKE PRODUCT OF OLYNOMIALS TERMS N 0DD

{a¥al

MaN=1

CALL XEPOL{APHASBETAsMsAA)
A{1sN}=AA(])~SPOL

AN NI m=SPOL#AA (M}

MM=N=2
00_10_I=1 MM

A(12sN}=AA(12)=SPOLZAALT)
10 CONTINUE
DO 30 1s1sN
AALT)=ALToN)
30 CONTINUE

Ficure B-26.—Subroutine XOPOL

/7 FOR
#ONE WORD INTEGERS
*LIST SQURCE PROGRAM

SUBROUTINE CMPRL (TsBaWesArGsDeEsQ)
REAL K KMINs KMAX
€2 = 1400E=30
CA = 1400E~1}
€2 = €2 + CA
IF (8<1400}1 11s11s12
KMIN = 140 = BX%2/1040
K = 490
GO 710 13
KMIN = 140 = 8¥#2/1840
K = KMIN
13 KMAX = 1a0 + B2%2/3.0
E =K
ROMIN® (Be2o#5QRTI1a=KMIN) I¥ (BRH2= Ba#({)le=KMINI) /(162 #CIHWEKMIN]
1F {100+0-ROMIN) 14315415
RO = 10040
GO TO 16
15 RO = ROMIN
16 CX1 = B¥%2 4 Ly SRONCZAWRE = Lo%(le=K)
CDLl » 44 %RO*WH (24 #RO#WHCZ+BIK 5
€1 = {CX1 = SQRTICX1*%2=-848C2#CD11)/CD)
X1 m{B-RO¥CLI#WH(24=K) ) /{24 #({C24CLIH{)e~K) )W)
Y1 & (1e+ROFCIM#{RO®CI¥W=8)1/(CL*(C24CIN11 4K )INWRE2)
= X1 + SORT{X1w##2-Y1)
= (B=RO#K4CLI¥W)/ (2o #(24W}
Y2 = (C2/C1 + {le=K} # RO#C#WH(RO®CI%W~B1)/{C24W) 482
% X2 .= SQRTIX2##2-Y2)
X15 = X1##2
X25 = X2%##2

1

~

1

-

e
3

21 = SQRTI(X1S =Y1)

22 = SQRTIX2S ~Y2)

RG = 0.0

A = (R1#R2+RO*(R1+R2) I ¥CIHC20WAH2

G = RO*R2ZKCINC2¥WA2

D a RO*C1#W

BA = (RI®CI#{1e~K]) + CZ#(R1+R2} + RO®C1)*w

RCW = RO*CL*W
C2M = Cl#{{B=RCWAKI¥#E2 = Gad{le=K)}/ {4 (1e~RCWH {B=RCW])} ~CA
WRITE (39041} 1
IF (X1#%2=Y1) 29420520
20 IF (X2##2-Y2) 29s21e21
21 1F (R2) 29929922
22 IF {4001=ABS{B=BA)) 29929423
23 IF (4001=ABSIA ~ 1l2001}} 29429224
29 WRITE {3s62)
24 CONTINUE
€2 = C2 = CA
R1 = Rl = RG
F = W/6e283185
FLIM = F*SQRT{E/G)
20 = RO*{1e+WXC1#*(R1#K=RO}/B}
TERM = [{R2¥ROINCANCI4WH#2}#%2 & {L2+CI¥{Le=K)) RN20HAR2
ZIN = B/SQRT(TERM)
WRITEL3+43) BsFsQeFLIMIKIROIRGICAIRLIR20CI0C2
WRITE(3944) KMINIKMAXsROMINGCZMoBAIAIZOSZIN
WRITE{J945) X1e219X1S9Y1
WRITE{3+46) X29229X259Y2
41 FORMAT(1HOs7Xs'1 ®1,1247Xe*LOW=PASS SECOND ORDER')
42 FORMAT{1H+s 'ERROR')
43 FORMAT (1HO$13X»'B 2'sE12e599X0"1F B19E124549X9'Q o' 4E12050
1 6Xe'FLIM 2at5E12e5/14X0 'K ='9E12e5¢8Xe'RO =15E120598Xs
2 'RG ='4E1265s8Xe'CA wIsE1245/13Xs TR =V3E124518XeIR2 =iy
3 El2e508Xs'C1 ®'9E124598Xs'C2 5'5E1245)
44 FORMAT (1HOv10Xs'KMIN ®93E124596X s 'KMAX 2V 4E124995Xs 'ROMAX =ty
1 E124557Xs 'C2M =9 4E1245/11X0 'BCAL =1 +E124599Xs'A ='9E1245s
2 8Xe'20 ='sE124547%e ZIN 2'9EL245)
45 FORMAT (1HOs12Xs'R1 ® X1 + Z1 = X1 + SQRT{ X1#e2 = Y1 )'/13X»
1 'X1 =719E124508X0 %21 @' sE124590X e 1X1%¥%2 =4 4E124248X3'Y1 =19ELZ,5)
46 FORMAT (1HO12Xs'R2 = X2 = 22 = X2 = SURT( X2#%2 = Y2 )'/13Xs
1 ¥X2 2t 9E124598X9122 =4sE124595Xs 1 X2¥%2 s 14E12e59BXe1Y2 =!EL12450
2 /n
RETURN
END

Figure B-27.—Subroutine CMPRH
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/4 JoB
/¢ FOR
#ONE WORD INTEGERS
#L15T SOURCE PROGRAM
SUBROUTINE CMPRH {1sBsWsAsGrDE»QL
REAL Ko KMINs KMAX
CA = 1.00E~11
E = 0a0
1F (B=1400) 11911412
12 KMIN = 140 ~ B8#%2/1040
K = 490
GO TO 13
11 KMIN = 1.0 = B##2/18,0
K = KMIN
13 KMAX = 1eD + B¥#2/3,0
CMIN % 2,0%CAR{5.<~B#%2])/(BR%2=Be%(L1e=K})
IF {CMIN~140E=-10) 15+14s16
15 € = 140E-10
GO TO 16
14 € = CMIN
16 ROMIN a B/{1Bs%wWC}
IF (100.0-ROMIN) 18519419
18 RO = 100.0
GO 10 17
19 RO = ROMIN
17 RG =.RO
X1 = B/L4g*CEW) =164 #RO® (CHCAIFRGH(ICH(20mK I +CA) I/ (4n®(C+2a%CA))
TERM = (RO+RGE(1a=K} ) #{BmCHWk (24 #RO+RG))
¥1 = (CA + C#{li=K) =~ CHeQMUNTERM) /(2o HCHRZUUNS2R(C42,#CAD)
Rl = X1 + SORT{X1#%2-Y]1)
DR = CH{R1#{C+2e%CA} +RO%C + RGHC*{1emK})
X2 ®=1e¢/(WH%2%DR)
22 = RG¥RI#C*%2/DR
R2 = X2 ~ 22
X1S = x1#%2
21 = SORT(X1S =Y1)
A = R2%(CA¥2H(RGH{1s=K}+RO+R1)}+2« FRINCARC ) ik #2
* + RG*RI*(CRWINe2
BA mR2#{CA+CH{1s=K) 1#W + 24 ¥CHWR (ROFRLD + RGRCHNW
G * R2ZH(R1¥K +RO#{1e+CA/CIIR{CRWI*R2
D = RO¥CHW
WRITE(3s410 1
IF (X1%#%2-Y1) 29420420
20 IF (X1} 2929921
21 IF {R2) 2942922
22 IF {s001-ABS(B=BA}) 29¢29+23
23 IF (2001=ABS{A = 14001} 29929924
29 WRITE(3+62)
24 CONTINUE
F = W/6e28318%
FLIM = F*D/G
Z0 = RO*(1le +W*C*IRZ*K=24%R0)/B)
TERM1 = (C*w* (B-C*(R1+RO)}I**2
TERMZ = {(We{CmCA¥(1s=2¢*R1¥RZ¥CARCHYNR2) ) j4u2
ZIN = B/SQRT(TERM1 + TERM2)
Cl =¢C
€ =C
WRITE{3343) BsFsQsFLIMIKIROIRGICAIR11R29C12C2
WRITE(3 944} KMINJKMAX +ROMINSCMINSBASAIZOIZIN
WRITEL3245) X1sZ1aX159Y1
WRITE (3566) X2»22 .
41 FCRMATA1HD»7Xst1 =141247Xe?HIGH=PASS SECOND ORDERT
©2 FORMAT({1H+s'ERROR')
43 FORMAT {1HDs13Xs'B »'sE124509Xs'F m13E120599Xs G @'aEL2650
1 6Xe'FLIM =1 4E12+45/24Xs 1K 2t yE124538X0 RO =9 3E12:598Xs
2 'RG ='sE12459BXs'CA #1,E1265/13X9TR1 w44E124598Xs'R2 =ty
3 E1205018Xs7C1 =1sEL2e45s8Xe1C2 ='9EL1245]
4t FORMAT {L1HO»10Xs 'KMIN =79E12s596Xs 1KMAK ®14E120D 95X 3 "ROMAX w1y
1 EL24557XsFCMIN =?sE1245/11X e 'BCAL atyE124509X0'A 31 9E12a50
2 8Xs120 ='eEL12e59TXs'ZIN =1 9E1205)

45 FORMAT (1HCs12Xs'R1 = X} #+ Z1 = Xl + SQRT( X1e#2 = Y1 )'/12Xs
1 'x1 ='vElZ:5vBK-'Zl 5V4E12e595X s 1X1%%2 =1 9EL2e598Xs' Y1 ®14E125)
46 FORMAT (1HDs12X¥9'R2 = X2 .= 221/713Xs X2 ='1E120598X10 722 ' eEL2e5

1 /N
RETURN
END

Figure B-28.—Subroutine CMPRH

#ONE
#L1ST

12
13

14
15

16

17
18

21
22

40
41

WORD INTEGERS

SQURCE PROGRAM

SUBROUTINE CPFRL(BsWoAsGaDIESQe])
CLMAX » B/(200+%W)

IF (C1MAX=140E-09) 11911410

€l = 1,0E-09

GO To 12

€1 » C1MAX

RLMIN = 24%8/(Ci%W}

IF (RLMIN=140E405) 13414914

RL = 1.0E05

GO TO 15

RL ‘* RLMIN

RGMAX = o5/ (CIMAX#W/8 =~ la/140E05)
1F (100+0-RGMAX) 16417917

RG = 10040

G0 TO 18

RG = RGMAX

Rl = 14/7(W*Cl/8 = 1le/RL) = RG

A = 040

G = 0.0

0 = 0.0

E = RL/(R1+RG+RL)

WRITE (3540) 1

IF (R1} 21e23s22

WRITE (3411

F = W/te283185

WRITE 43»42) BeFsWsQeR1sCIsRGIRL
WRITE (3543) CIMAX IRGMAXSRLMIN
FORMAT (1HO»7Xs'1 ='312,7Xe'LOW~PASS FIRST ORDER!)
FORMAT { 1H+» 'ERROR '}

42 FORMAT (1HO»13Xs'B ='3E124509X0'F =1 9EL24549Xs'W =14E124519X0'Q =te

1E125/13Xs'R1

vE124598Xe7CLl =1 9E124548Xs'RG =V sE12e548X9'RL =1y

2E1245)
43 FORMATILIHOs9X» 'CIMAX 293E124595X» 'RGMAX =1 4E1245¢5Xs 'RLMIN =ty
1E124577)
RETURN
END
Ficure B-29.—Subroutine CPFLR
1/ JOB
// FOR

*ONE WORD INTEGERS

*LIST

12

14

i6

is

21
22

SOURCE "PROGRAM

SUBROUTINE CPFRH{BsWsA2GIDIESQe])
Cl = 14.0E~09

RGMAX = B/(1ls28C1oW)

IF {10040~RGMAX) 11s12412

RG = 10040

GO TO 14

RG .= RGMAX

RLMIN = B/(5s9%C1¥W)

IF (RLMIN=1+0E05) 15s16416

RL = 140E0S

GO TO 18 .-

RL = RLMIN -

R1 = RL*(B=RGHCL#W)/(C1WWa(RGHRLI=B)

D = RI*RLECL#W/(R1+RL)

WRITE (3440} 1

IF {(R1} 2121022

WRITE {3s41)

F .» W/ 64283185

WRITE 135821 BaFsWrQsRIsCIIRGIRL
WRITE (3443} C1eRGMAXIRLMIN

40 FORMAT (1HO»7Xs'l ='e12+7Xs *HIGH-PASS FIRST ORDER')

41 FORMAT [ 1H++ 'ERROR')

42 FORMAT(1HO#13Xs'B =74E1245s9Xs'F B4 9E12e599XotW #V gEL20599X0'Q =2y
1E1245/13Xe7R1 =1 9E122508Xs'Cl ='»EL2459BXs"RG ' 2sEI2454BXe'RL =0y
2E1205)

43 FORMAT{1HO» BX»'FOR C1 ='3E12+5+5Xs'RGMAX =?3E122525Xe 'RLMIN =ty
1E1245/71
RETURN
END

Ficure B-30.—Subroutine CPFRH



98

COMPUTER~AIDED FILTER DESIGN MANUAL

/7 JOB

// FOR

#ONE WORD INTEGERS

#L1ST SOURCE PROGRAM
'SUBROUT INE BPBCW (BLaCL+FOsBWB1sB2eW1sW2)
BWR = BW/FO
BN = BL¥BWR
CN = CLABWR*#2
E = SORTICN=(BN/Z2o)#*2})
RS = BN##2/24 = CN = 4o
QS = Ba*E
R o SORT(.(RS+SORT(RS¥¥2+Q5%#27)/241
Q@ ® SQRT(R¥*%2=RS)
IF (Q5) 41440440

41 R = ~R
40 Bl = BN/2s + R

Cl = {{R+BN/2s)/24)%%2 4 ((Q+E)/20)0%2
B2 = BN/2s = R
L2 ={(R=BN/2s1/21%%2 + {({Q=E)/24)%%2
€S1 = SQRTICL)
€82 = SQRT(CZ!

81 = B1/CS51

B2 = B2/CS2

Pl = 64283185
Wl = PI*FO%CS1
W2 = PI#FO%CS2
RETURN

END

Fieure B-31,.—Subroutine BPBCW

®ONE WORD INTEGERS

#L1ST

¢

°

80

2

153

32

90

91 FORMAT (3HD»BXs 1% 29Xs AT s14Xs BV 314X2 Cle14Xe 761 s16Xs "D 510Xy E"y

92
93
96
95
40

SOURCE .PROGRAM

SUBROUTINE CARSP {MMsAsBsGaDsEsWsFMINIFMAXIDF 9SCAL)
DIMENSION A(20}1B(2014€{20)+G1201+D(2019E(201s%(20)
WRITEL3+90)

WRITE(3s91)

P1 = 3,14159

D0 10 I=1sMM

F o= Wil)/124%P1)

€I} = 1.0

WRITE(3+92) 1sA(131aBLI}sCIINaGII)oDITIeELT)oF

FM = FMIN

1F (DF) 40540480

WFE = 24#P1%FM

DLT = 040

WRITE(3493) FM

DO 20 I=lsMM

WN = WF/Wil}

ClI) = 10

XN ® E{I) = GUI)#wWN##2

YN = D{))%WN

XD = CUI1} = ALI}#WN*%2

YD = B{II#WN

T = SQRT{IXN®®2 4 YN®X2)/IXOW#2 + YD*%#2))
1F XN} 21519421

PN = P1/240

GO To 25

PN = ATANUYN/XN)

IF (YN) 2222323

PN = PN + Pl

IF LYN/ZXNY 26425225

PN = PN * P

PD » ATANLYD/XD)

1F 1YD) 26427527

PO = PD + Pl

IF 1YD/XD) 28429529

PD = PD + P

PHD = (PN = PD)*180+/P]

PHW = (PN = PD)/WF

OLY = =f(DII)#XN/W(T) +2e#G{IVRYN®WF/W(TLRu)/ (XNRRD +YN##2)
1 HUBUIIRXD/WLL) +2o%ATTIRYDRWF/WITI N2}/ (XONS2 4YDWR2)
TT = TT#Y

PDT ® PDT + PHD

PUT = PHT ® PHW

DLT = DLT + DLY

WRITE(39941 14T ePHDsPHWSDLY

CONY INUE

IF{SCAL) 31231432

S5CAL = 140

TT = TY/SCAL

WRITE(34+95) TT,PDT+PWTOLT

FM w FM + DF

IFIFMAX = FM] 40,8080
FORMAT { 1HO» 7X» 'FILTER RESPONSE CURVES's//}

*LeRotF /)

FORMAT (8X+125TE1545)
FORMAT {1HO+ /73X 'FREQ =?1E1446)
FORMAT (6Xs'1 =t312s

1 4Xa ARt sEL 54X Put yELB0504Xs 1P /Wt 4EL32504Xs Dxty

2 E13.5)

FORMAT { 14X s "AT= ! sE134593Xs "PTt 3E23¢5+3X0 tPT/Wu?9EL34593Ke 0Tuty
#E£13 451

RETURN

END

Ficure B-32.—Subroutine CARSP

/7 JOB
/7 FOR
#ONE WORD INTEGERS
#L15T SOURCE PROGRAM
SUBROUTINE PDSEVINsQeAPHA)
DIMENSION APHA(20)
M= N/2
IF (APHA(1)+1:/Q)12911911
11 Q ==01/(APHA{1)+.001)
12 DO 13 I=1,M
13 APHA(1) = APHA(I)} + l1s/Q
RETURN
END

Figure B-33.—Subroutine PDSEV

/7 JoB
/7 FOR
#ONE WORD INTEGERS
#L1ST SOURCE PROGRAM
SUBROUTINE PDSOD{NsQsAPHA»SPOL)
DIMENSION APHA(20)
M = (N=1}/2
IF (N=2) 7»798
7 IF (SPOL + 1./Q)10+999
9 Q "=e1/{SPOL+001)
10 GO TO 14
8 IF (APHA(1)141:/7Q)12+11511
11 @ ==¢1/{APHAU1)+:001)
12 DO 13 I=1lsM
13 APHA(I) = APHALL) + 1e./Q
14 SPOL = SPOL + 1le/Q
RETURN
END

Figure B-84.—Subroutine
PDSOD
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// FO

APPENDIX B 99

#ONE WORD INTEGERS

*LIST

©

1

=3

20
22

30

3z

3

w

3

wn

37

80
90
21
92
93

94

95

96

99

SOURCE PROGRAM

SUBROUTINE CASEL(IsXNsAsBNIGIDIEIWN)

REAL K9 KMINs KMAX

DIMENSION A(20), BNI20}s GI20)» DI20)s £1{20)y WN(20)» X{20}eXNID)
EQUIVALENCE (BeX111)s (FsX{2})9 (C20X{3))s{RGaX(4)1s (KsX(5})s
®(ROIXI6) )0 LCASX{TI)e {CLoX(B))

WRITE(3+%0}

DO 9.J = 148

X{J} = XNGJ)

€1 = 0.0

READ(2580) IX#XX

IF (1X=9} 20999420

IF {1X) 30030s22

1
W = 64283185%F
€2 = C2 + CA
XC1l = 0.0
2Cl = 00
XC15 = 060
YC1 & 000
IF (C1) 32932933
CX1 = BRE2 & 4 RRO#C2AUAB = 4o {lemK])
CD1 = 4o BROMWE {2, #ROVWHC2+B4K )
€l = {CX1 = SQRTICXI#*#2=Be*C2#CD1))/CDY
RCW = ROSCLHW
X1 w{BeRORCIMWS(2,=K}}/(20#(C24CIR{1a=K) )W)
Y1 = f1e+RONCLHWE(ROWCLHW=B) } /L CAR(C24CLH 1L amK ) ) #WHS2Z)
X1$ ®» X1#¥2
Z1 m= SQRTIX1IS=Y1)
Rl = X1 + z1
X2 @ (B=ROKRCIHW)/(24#C24W)
¥2 = {C2/C1 4 1la = K + ROWCZHWR(RCW=B))/{C2uW)#2
X25 = X2##2
22 = SQRT{X25~Y2}
R2 = X2 = 22
BNLI) = 8
A(T) = {R1%¥R2 + RO#{R14R2))#CINC¥WaNQ
BA = {RLI#C1#{1,~K) + C2#(R1+R2) + RO*C1)#W
GII) = ROWR2#CLAC2%Wn*2
O(I) = RO¥CIWW
El1) = K
WNET) = W
FLIM = FESQRTIE(1}/G(I))
IF {B=1e00} 36936935
KMIN ® 10 = Q##2/1040
GO YO 37
KMIN = 140 = B##2/1840
KMAX = 140 + B282/3,0 -
ROMIN= (B=24#5QRT (1o=KMIN})# (B%#%2<8s%{1e=KMIN) }/ (164 #C24WH#KMIN)
20 = RO#{)o+WHC1#(R1#K=R0}/8)
TERM = {{R2Z4ROIMCLACIHWRR2)AX2 & (C2+C1R{1evK) ) H02%yHR2
ZIN = B/SORT(TERM}
CoM = CL#{(B=RCWHK)#K2 ~ Lo#(Lle=K)]/(Gue{1s=RCHH({B=RCW})} «CA
Rl = Rl =~ RG
€2 s C2 = CA
WRITE(3+91) 1
IF (X15=Y1) 69460460
IF {X25=Y2) 69461461
IF (X2w22) 69469462
IF (40001=ABSIA(T}=1401) 69969963
IF (00001=ABS{B=BA} 169469464
IF (R1) 69169465
IF (X1) 69469166
(C2M=C2) 69267467
WRITE(3492)
WRITE(3+93) BsF oeWsFLIMIK+ROIRGICAIRIIRZICIIC2
WRITEL{3994) KMINsKMAXIROMINIC2ZMeBASALL)eZ0sZIN
WRITE(3e95) X1sZ1sX1SsY1
WRITE(3+96) X2+224X250Y2
GO TO 10
FORMAT({11sE1240])
FORMAT (1HO#/718Xs'LOW=PASS SECOND ORDER FILTER NETWORKS'/)
FORMAT(1HO+TXs '] =%,12}
FORMAT (1H+y 'ERROR '}
FORMAT (1HO#13Xe'B #"9E12:59s9Xs'F a?sE12e599Xs'W 2V 4E]12e5
1 6X2'FLIM 312£1245/14X2 'K =1 9E122508X2 RO =1 2E1245+8Xs
2 'RG ='sE12459BXe1CA 5V 4E1245/13Xs*R1 1 sEL24508X e R2 =1y
3 E124598X9'Cl »'9E124518X91C2 =t 4EL12457
FORMAT {1HO91OXo'KMIN =t sEL124506Xs T KMAX €V 3E1245 95X s 'ROMAX =1y
1 E126557Xs 'C2M m?9E1245/11Xe 'BCAL = ' oEL2e599X9'A n14E1225s
2 BXs'ZO ='sEL1Z45+TXe'ZIN ='9EL245)
FORMAT {1HO#12Xs*R1l = X1 4 Z1 = X1 + SQRTI X1#%2 ~ Y1 )'/13Xs
1 'X1 mtHE12e548Xs' 2] =¥9E12e505X 0 X1¥#2 =t 4E12,048Xe0Y]1 w'sEL245)
FORMAT {1HO»12X»'R2 = X2 = 22 = X2 = SORT{ X2#%2 = Y2 )'/13Ks
1 'X2 ®V9E12e508X 0122 =V 9EL24505K 9 X2P%2 2 4EL24900X97Y2 8V 4EL1245
2 /N
RETURN
END

b

Fioure B-35.—Subroutine CASEL

/ FOR
#ONE WORD INTEGERS
#L1ST SOURCE PROGRAM

SUBROUTINE  CASEH (L +XNsA»BNaGIDIEsWN}
REAL Ky XMINs KMAX
DIMENSION A120)+BN{20)sG120)+D1201+E1203sWN(20)sX(20) 9 XN{B)
EQUIVALENCE (BsX(1))a{FoX021)e{CoX{BIIotRGIXIAIDIoIXoXIB} Iy
* {ROWX161) s {CAIXITY) .
WRITE{3+90)
DG 9 J = 148
9 X{J} = XN(J)
10 READU2+801 IXeXX
1F (1X=9) 20+99+20
20 IF (1X) 30530422
22 XUIX) = XX
XNLIXE = XX
G0 70 10
301 =1 +}
W o= 602831054F
X1 = B/{as2CHW) =144 #ROS{CHCAIERGHICH{20mK)I+CAI /(Lo {CH244CAD)
TERM = {(RO+RG#{1amK) } # (BauCHWH (22 #RO+RG))
¥l = (CA 4+ CH{le=K]) = CHN2RWRTERM) /(24 #CHn28WRN28{C+244CA)}
X15 = X1#x2
Rl = X1 4 SQRTIX1S -~ Y1)
Z1 » SQRT{X1§ = Y1}
DR = CH{R1*{C+24#CA) +RO#C + RGHCH(Re~K)}
X2 =le/(WEe24DR)
Z2 = RGHR1I#C##2/DR
R2 = X2 = 22
8NLIY = B
WAL = W
ALT} = R®(CHH2%(RGH(14=K}+ROIR1)+22 #RIHCARC] #URRZ
#* + RGER1® (CwW) %2
BA aR23(CASCH[LemKI)HW + 2o%CHWH (ROFR1) + RGHCHW
GUI) = R2#(RIMK +RO#{Le+CA/CIINICHW) " 42
DII) = RO*C#W
E{1) = 040
FLIM = FaD{])/G11}
IF{B=1400) 36936935
35 KMIN o 140 =-B##2/1040
GO TO 37
36 KMIN = 1,0 ~B**2/18.0
37 KMAKX = 140 +8#%2/3,0
CMIN = 2,0%CA#(5.=BH##2)/(Bna2=8at(1e=K})
ROMIN = B/(18¢#WaC)
20 = RO®({1e WHCH({R2%K=2¢%#R0O)/B)
TERM1 = {(C#W*{B=C*{R14+RO))I##2
TERMZ = (WH{CCAR{]om2s#RIFRZRCARCHWHRZ) ) 50T
ZIN = B/SQRTATERMLI + TERM2)
€l = C
€2 =C
WRITE (3y91) 1
IFLX15 =Y1} 69561961
61 IF(X2 = 221 69169962
62 1F {40001 ~ABS{A(11~140)) 69469263
63 IF(o0001 =ABS(B = BA)) 69569464
64 1IF(X1} 691699265
69 WRITE (3,92}
65 WRITE(3493) BaF sWeFLIMIKIROsRGICASRIIR29C10C2
WRITE(3994) KMINIKMAXSROMINSCMINSBASAILY$Z02ZIN
WRITE(3+95) X14219X1SeY1
WRITE (3+96) X2922
60 TO 10
80 FORMAT{I14E1140)
90 FORMAT (1HO0»//18Xs'HIGH=PASS SECOND ORDER FILTER NETWORKS!/)
91 FORMAT(1HOsTXs'1 s¥,12}
92 FORMAT (1H+s *ERROR' }
93 FORMAT {1HO»13X9!'B «'sE12.5+9Xs'F ='sE1245+9Xs "W wt9sEL1205,
1 6Xe'FLIM ='9E1205/14Xs 'K 2'9E1245+BXe’RO =?9E124598Xs
2 'RG a'9E1245s8X 9 'CA m14E1245/13Xs'R1 = V,E1245+8X9'R2 =7,
3 E120598X*C1l ='4E12548Xe'C2 w?9E1245)
94 FORMAT {1HO91OXs'KMIN =1 43E12,506Xs 'KMAX at3E1245 95X 5 ROMAX =y
1 E12054TXs"CMIN ®=19E125/11Xs 'BCAL =1 9E120559Xs'A 31 3E12450
2 BXs'Z0 ®*9E124547Xe?2IN =1 9E12e5)
95 ‘FORMAT [1MOs12Xs'R1l & X1 4 21 = X1 + SQRT{ X1#@2 =¥l )19/13Xs
1 'X1 =t4E1245+8Xs %21 =1 3E124595X2 ' X1%%2 =¥ )E1245.48X0 Y1 =V 9E1245)
96 FORMAT {1HOs12X#'R2 = X2 = Z2'/13Xs'X2 #*3E12,998%X9°22 #%,E12450
2 171

99 RETURN
END

Ficure B-36.—Subroutine CASEH



100

COMPUTER-AIDED FILTER DESIGN MANUAL

/7 Jos
/7 FQR
#ONE WORD INTEGERS

#LIST

<

10

20
22

32
39
43

80
90
91
92
93

94
99

SOURCE PROGRAM

SUBROUTINE CAFIL (IsXNeAsBNsGsDsEsWN}

DIMENSION A{201+8N(20)96120)sDI20)sE(20)sWNI20)sX({B)eXNIB)
EQUIVALENCE (BsX{1)1}s (FeX(2))» (C1oX{3))s (RGeX{4)}s {RLIX(5))
WRITEL3»90)

RL = 1.0E25

READ(2+80) IXaXX

IF (1X=9} 20,9920

IF £1X) 3030022

X{IX) = XX

XNEIX) = XX

GO TO 10

i1+

W = 6e2831854F

R1 = 140/{wW#C1/8 =~ 14/RL) = RG
CIMAX = B/1200e%W)

RLMIN = 2.%8/(C1#W)

RGMAX = o5/(CIMAX®*W/B = 1le/RL)

Eil} = RL/{(RI+RGHRL)

BA = E{I)#C1%{R1+RG)#W

BN{1) = B

WNIT) = W

WRITE{3»91) |

IF (R1) 39939432

IF {+001=ABS{B=BA}) 3913962

WRITE(3+92)

WRITE{3993) BaFsWsBASRLsCLIRGIRL

WRITE(2994) ClMAX-RGMAXoRLMINpE“)

60 70 10

FORMAT{11sE11.0}

FORMAT (1HO»//18X+'LOW=PASS FIRST ORDER FILTER NETWORKS'/)
FORMAT (1HO»7Xs "1 @t,12}

FORMAT ( 1H+4 'ERROR? }

FORMAT (1HO#13X¢ '8 51 ,E1205+9Xe'F athE12:509XstW sty

® E124596Xs 'BCAL s'4E1245/13X9'R1 =1 9EL24598X9*C1 =ty
® E124598X9'RG ' 9E12548Xs 'RL ='9E12e5)

FORMAT{IHO#9X9 ¢ CIMAX ="3E12e5 95X TRGMAX w1 9EL120295Ks 'RLMIN =¥y

#EL2+549K0'E =19E1245//)

RETURN
END

Ficure B-37.—S8ubroutine CAFIL

/7 JoB
// FOR
#ONE WORD INTEGERS

*LIST

SQURCE PROGRAM

SUBROUTINE CAFIHU19XNsAsBNsGsDsEsWN)

DIMENSION A{20)s BNI20)s G{20)s DI20)sEL20)s WNI20)» X(20)sXNIB)
EQUIVALENCE (BsX(1))s (FoXi2)ls (CReXI3))s (RGoX{4lle

*{RLoX{5))

L3

1

o

20
22

30

32
39
43

80
90
91
92
93

WRITE{34+90)

RL = 14025

READ{2¢80) IXsXX

IF (1X=9) 20999420

IF 1IX) 30430422

X{1X) = XX

XNLIX) = XX

GO 70 10

I =14+

W o= 6e283185%F

Rl & RL*(B=RG#C1¥W)/(CLlAW*(RG+RLI=B}
RGMAX = B/{1e2%C1l¥%W)

RLMIN » B/‘5'9'C1*Hl

All) = O

D{l) = Rl*ﬁL'Cl*w/(Rl‘RL)

G{l1) = 040

El{l) = 0e0

BA = {RG + RI#RL/(R1+RL))I#CI#W
BN(1) = 8B

WR(1} = W

WRITE{3s91) 1}

IF (R1) 39439432

IF (e001=ABS{B=BA)} 39439943
WRITE(3+92)

WRITE(3993) BsFsWsBAIRIICISRGIRL
WRITE13594) C1oRGMAXRLMINSDLI)
60 T 10

FORMAT{11+E11.0)

FORMAT {1HO0»//18X» 'HIGH=PASS FIRST ORDER FILTER NETWORKS'/)
FORMAT(1HO»TXo*1 =1,412)

FORMAT ( 1H+» *ERRORY )
FORMAT{1HO#13X9'B =%9E12e529Xs'F 8T sEL20599Xs "W aly

# E124596Xs 'BCAL ='5E1245/13X3"R1 51 4E12:598Xe1C1 =¥y
# El12e598Xs'RG w19E124598Xe'RL =19EL1245)

94

99

FORMAT { 1HO#8X 9! FOR C1 +E120595Ks 'RGMAX =1 9E124505Xs

*  IRLMIN =13E124539X9%0 =19E125/7)

RETURN
END

Ficure B-38.—Subroutine CAFIH

Wb oaott DL TeGhed
SLIST 507CE RWHOGRAY
AU HTUTELE TEYP B TOeTE e TAST e TCakK)
DEZESIC . RITZ0192120)9C212C)9CRLET1DH1L1E0190RZ{20T20C1126G) D
1 LCZE20) #RGELUTSE20) s CAL2019GAIZ012TALZG) 2TL2CHTCIZ0)9TGLZO)
2 TEL200s AL20198120)0 GRZUI9EL20} 9F(2019DA12G)DB120) s
3 DO120)9DEL20) 0511 20)
RLADI2910143K ok o¥s T
1L+
HRITE 43079} JeKaLaMaT
DO B 1 = 1l
READI29121 “GU13sRC{TI4GALIYoCALL)WFLT)
RUADIZ911) RECIDoR2{T19C101) 9C20 10 oPR1abRZIPCLWPC2
WRITE 139811 RGLIIWROCTI)WGACTIPCALT)»FLTY
WUITE (32823 RIL119R20119C1104C2L1) vPRISPRZIPLLIPC2
OHICIY = R1111%9i20/710040
DH21T) = RZULI*PR2710040
DCIII) = CLLIIAPCI/10040
0C241) = C2(11822C2/10040
8 A1) = 6a283185%F LT}
1=l
200 IF(1=J)20+20430
20 TAUT} = 0a0

TCUIIx 140

T6UI} = 0.0

ELI)=fRGITI4RI1)I4CI(T)
DELDI=CITISDORICII+(RGII 4RI (I 1 #BCLLT)
DE(1) = DECLI*(T ~25401
TE(II=EQLI+DE(T}

30 PuJ+K
32 IF{1=P)131s31000
31 ACTI=ROUIIPRZCIIFCICIIH(C20I)+CALLIT)
DALEIaDRZEII#KOLTIRCLUTI* (C2OTI+CALTTIHDCRITI#ROCTINR2ITIN(C20T )+
& CACIII4DC2LTIAROLTI*R2{II*CALS)Y
DA{I) = DALII*{T =2540)
TALD)=AL11+DALT)
BAII=RGUEI*CLAT)
DBLII=RDITI*DCL{T)
LBLI) = DBIIIMIT =25,0)
TELLI=B(1)+D811)
IOt = GALD) N
ECIIa{RLITII4RGUIDVINCLIIIN(La=GALT) )4 (CRUTI+CALT 1II#IRLLTIHRG (T 34
9 RLINI+ROUII*CLITY
DELDI mICL{TI*(24=CALT) )4C2LII4CALT)I*DRICIIH(C2LIT+CALT)I#DR2(I )+
1 (RINEI®{1e=GAL] 1) ARGUIIN{1a=GACT)I+CATTIAROITII*DCLITI#IRA(T )+
2 RGULIM+R2(U1))*DC2(T)
DE(1} = DE{LISI{T ~25.0%
TE(II=sE{LI)#DEL]L)
RICI} » RU D)+ DRUIDI*IT =2540)
R211) = R2(11 4 DRZUTIM(T =25.0}
Clil) a CLUI} + DCLLTIN(T =25,00
C241) = €201} + DC2{11%(T 2540}
GUIN=lRLIII4RGIT) INRZLIIACI(II*IC2{1I4CAIT IR [1a4RO(TINIRITIN+
GRGUTI4R2EII I/ LIRITII4RGIT I INR2E1D )
T6111eG11Y
I =1+
60 To 32
40 QuJHR+L
42 LFU1-0150450s60
50 TA{l) = Ga0
BU{1=R1LLI*CLLD)
DBUTI=CLlOTI#DRICTI+R1LTINDCIN T
OB{1) = DBL{IIN(T ‘=25.0)
TB{I1=B¢1)4D8(1)
TCU1) = 040
1G(1} = 00
ETTI=RULTINCILII+RGI L1 #CYH T
DE(I)-CIHI"DRHIl+(H1(l)*NG(H)‘DCNH
DEfL) = DE(1)#(T ~25,0
TELI)=E(])+DE(I}
=1+ 1
GO TO 42
60 UsJ+K+L+¥
62 1F{1=U)T0s70280
TO ALIIwRLITI#RZ{IINCI(IINC2UTIR(GALT L+ (ROCTI/RI(IID)
OAL1}aRZ(I)*CIIII*C2LTI DRI LI+ (RIITINGALT) +ROCTI I#{DRZITINCL{T %
1 C241) +OCILII*R2{TI#C2{1I+DC2{1I#R2(TI*C1(T)
DALI) = DALII®IT =2540)
TALE)=ACTI+DALT)
BIII=RGLII*CULTD
OB{I)=ROCTIMWCLLIY |
DB} » DBIII#{T ~25.0)
TBOIr=RCE1+DBI1)
TCUI) = 040
GULIwCHILIRC20L I (RIITI*R2{IV*R2 UL IRROLT 14R1LT I #RGITHI 4RI %R2(1}
1 *Catlis(Cluli+C2(1))
DGLIIEDRI{II%({CL{I}*C20TI*{R24TI+RGILII)I+R2{TI*CACT IR (CL(I+C2CLD T
1 +DR2EII*LCUCII*COTIMARILTI+HOT LTI I+RICEINCATT IMCIATI4C2( 1))
2 +DCLLII{RZ{TIRC2ATIMIRICTIFHOCT DI+RITTI#IRGLT I#C24 1 )+R2L 11 ™
3 CATD)II4PC2ZUII*IR2UII*CIITI#SRICII+ROLTI I I4RILTIIR(RGIIINCL{T I+
4 R2{1}»CALDIN)
OGII} = OGLIIN(T «25,0)
TGLI) =G 1140611 . .
EALI=tRICIIAROUI DIM(CLICEI4C2{ DI 42 (1 IRC2{T)# {1 a~GAL 1) J+RZ( 1} ¥
1 CAti)+RGUIE*CILD)
DELII={CL{II+C2C 11 I#ORL(TI+(C201I~C2{II*GALII+CATTIIRDR2ITI+IRL(L)
1 #ROCII+RGIINI*DCI(I)#(RUAII+ROLII+R2{TI=R2( I *GALE) ) anC2(1)
CE{I} = DELIIM(T =25.0)
TELI)=EL1)+DERT)
I =1+1
GO 10 62
B0 DO %0 1 = 1N
TALL) = TACII®A{1)%e2
TBII} & TB{I)®WiD)
TGI1) = TOIII#u{])aez
90 TE(L) = TELI}®wlI)
10 FORMAT (415/1E1040)
11 FORMAT (2£1000+261540/4E100%
12 FORMATI3F104042E1540)
79 FORVAT (1H1 425X TEMPEIATURE DEVENDENT FILTER RESPONSE PROGRAM?
1 27778Xe ' INPUT DATAYY/
2 BXe'LP 157 ORDER w?912+7Xe*LP 25D TROER w?412/
3 BXe!HP 15T CROER m1,1247Xs 18P 2LD OHDIR w4129
4 15XsTTE'P #3,4E12.5/)
a1 FOR\'AT (1M 7X9 'RG =2 9E12450TXs ' RO # 9 0EL24508X 07K w1 yEL12e5>
TRIVCA w¥9EL24548Xe'F 3'511245)
B2 FOR‘»J\‘I 18Xy 1R1 ' 4E1Re507X0 RZ 2P 4E1 eDsTXe!C1 #V4E124507Xs
1 'C2 ='Hi12e5/TXs PAL 21 eE120506X0 P2 =14 E1245 06X 1PCL =%
2 E124596Xs1PC2 ®4E124571
RETAURY
£n0

Ficure B-39.—Subroutine TEMP
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